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ABSTRACT OF DISSERTATION

SPECTROSCOPY AND FORMATION OF LANTHANUM-HYDROCARBON
COMPLEXES
Lanthanum-mediated bond activation reactions of small hydrocarbon molecules,
including alkenes, alkynes, and alkadienes, were carried out in a laser vaporization metal
cluster beam source. Time-of-flight mass spectrometry and mass-analyzed threshold
ionization (MATI) spectroscopy, in combination with quantum chemical and multidimensional Franck-Condon factor calculations, were utilized to identify the reaction
products and investigate their geometries, electronic structures, and formation
mechanisms.
La-hydrocarbon association was only observed in the reaction of La with isoprene.
C-H bond activation was observed in all reactions, hydrogen elimination was observed as
the prominent reaction for the alkenes (2-butene, isobutene, 1-pentene, and 2-pentene),
alkynes (1-butyne, 2-butyne, and 1-pentyne), and 1,4-pentadiene, and C-C bond
activation was observed for the five-membered hydrocarbons (1-pentene, 2-pentene, 1pentyne, isoprene, and 1,4-pentadiene).
The La-hydrocarbon radicals formed in these reactions had lanthanacyclic
structures in various sizes, and each of the La-hydrocarbon complexes had a doublet
ground state with a 6s1 La-based electron configuration. Ionization removed the 6s
electron, and the resultant ion was in a singlet state. Formations of dehydrogenated
products were either through a concerted hydrogen elimination process or the
dehydrogenation after ligand isomerization. The C-C bond activation proceeded through
La-assisted hydrogen migration, followed by C-C bond cleavage, or vice versa.
KEYWORDS: Metal cluster beam source, MATI spectroscopy, time-of-flight mass
spectrometry, bond activation, La-hydrocarbon radicals, quantum chemical calculations,
spectral simulations.
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CHAPTER 1. INTRODUCTION
1.1 Bond activation of hydrocarbons
Hydrocarbons are the most abundant, low-cost stock for functionalized organic
chemicals. However, transforming hydrocarbons into value-added products is a
challenging task because of the chemical inertness of C-C or C-H bonds.

Metal

activation could stimulate the activation of C-C or C-H bond more efficiently and
selectively compared with thermal or super acid activations and thus has been
investigated extensively in condensed 1-4 and gas phases.5-10 Compared with condensedphase studies, gas-phase studies are free from solvation and counterion interferences.
Such studies could also guide the investigation of intrinsic reactivity patterns, reaction
paths, and structure-reactivity relationships.
In the past two decades, gas-phase studies have produced copious basic reactivity
data for transition metal ions and atoms. Metal ion-hydrocarbon reactions were mainly
investigated by various mass spectrometry-based techniques,5 whereas neutral metal atom
reactions were mostly studied using fast-flow reactor and crossed molecular beam and
analyzed with the assistance of photoionization or laser-induced fluorescence (LIF).11-23
Such kinetical data are essential but insufficient for devising plausible reaction
mechanisms as the information on molecular structures and electronic states of
intermediates and products remains unknown.

At the current stage, many reaction

mechanisms were proposed based on theoretical predictions without knowing the detailed
structures of products or intermediates.

For example, Tao-Hong Li et al. in 2010

predicted the reaction of Y atom with propene based on density functional theory (DFT)
calculations and proposed three different dehydrogenation reaction mechanisms that
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yielded Y(allene), Y(propyne), and Y(CHCHCH2), respectively, with the loss of a H2
molecule.24 However, the proposed mechanisms couldn’t be confirmed as the exact
molecular structure(s) of the product were unknown. If we identified the structure(s) of
the product, plausible reaction mechanisms could be determined. To do so, several
spectroscopic measurements have been carried out for metal-hydrocarbon ions or neutral
molecules. In particular, the metal ion reactions have been investigated with infrared
(IR)-multiple-photon dissociation,25-40 photoelectron (PE),41-44 and photodissociation
spectroscopy,45-48 whereas metal atom-hydrocarbon radicals have been characterized with
resonant two-photon ionization and dispersed fluorescence,49-52 Fourier transform
microwave,53-56 and mass-analyzed threshold ionization (MATI) spectroscopy.57-62
The previous spectroscopic measurements are helpful yet still incomplete. Firstly,
most of these measurements focused on the metal-assisted C-H bond activation28-30, 38, 42,
43, 49-56

C-C bond coupling25-27, 32, 34-37, 63 of small hydrocarbon molecules up to two C

atoms, while larger hydrocarbon reactions that possibly involve more complicated
mechanisms like C-C activation are largely under investigated. Secondly, metal ionhydrocarbon complexes was heavily studied by such studies, whereas the neutral metal
atom associated reactions, which could better reflect real catalysis or synthesis, still
remains far from been well understood. With these motivations, our group initiated the
project of MATI spectroscopic characterization of La atom with hydrocarbon molecules
reactions.57-62 With the help of quantum chemical calculations, we were able to identify
the isomeric structures of different La-hydrocarbon radicals yielded from C-H bond
activations,57, 59, 60, 62 C-C bond activations,61, 62 and C-C bond coupling

58, 59, 61, 62

of

various of ligands ranged from two to four carbon-containing hydrocarbon molecules.
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Based on the detailed structural information of the products, interesting reaction
mechanisms have be proposed: in the La + acetylene reaction, we have observed the
bicycle-oligomerization to form a La-naphthalene complex for the first time;58 unlike La
reactions with simple alkenes or alkynes, where C-H bond activations were dominated,57,
59

the La + 1,3-butadiene reaction went through metal association, dehydrogenation, C-C

bond cleavage, and a [4+2] cycloaddition to form a La-benzene complex.62 However,
further explorations are still needed to have a complete understanding of the chemistry
underlying metal-hydrocarbon reactions. The current work served two purposes. Firstly,
it attempted to extend La-hydrocarbon reactions to hydrocarbon molecules up to five C
atoms and to characterize La-hydrocarbon radicals formed by C-C activation and H atom
migration in addition to the simple C-H activation. Secondly, it aimed to gain better
understanding on reaction mechanisms by combining MATI measurements and
theoretical investigations.

1.2 Spectroscopic techniques
This work applied the MATI spectroscopy to characterize La atom-hydrocarbon
radicals. The MATI technique is a variant of the zero electron kinetic energy (ZEKE)
technique, both of which are developed from PE spectroscopy. The following sections
describe the conventional PE, ZEKE, and MATI techniques in details.

1.2.1 Conventional PE spectroscopy
The key idea in the PE technique is a photoelectric effect, which was firstly
observed by Heinrich Hertz in 1887 that light stimulates the generation of electric
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sparks.64 In 1905, Albert Einstein explained the photoelectric effect in the way that
energy of light is carried in quantized packets related to the frequency of the photon, ν,
and the energy could remove an electron from a molecule if the incident photon energy is
higher than a certain threshold. For a neutral atom or molecule, this threshold is the
energy needed to remove the most loosely bound electron, which is called the ionization
energy (IE). The kinetic energy (Ek) of the emitted electron and the photon frequency ν
was described with the following equation:65
(1.1)

Ek=hν – IE
where h is the Planck constant.

PE spectroscopy was firstly developed for the gas phase measurements by Turner
et al. in 196266, and was called the conventional PE spectroscopy. In the conventional PE
technique, an incident photon was set at a fixed wavelength so that the energy was above
the IE of the target molecule. The IE could be calculated with the knowledge of the
kinetic energy of the emitted electron based on Equation 1.1. By scanning the intensity
with respect to the kinetic energies of emitting photons, one would obtain the PE spectra.
The conventional PE technique is capable of characterizing the adiabatic ionization
energies (AIEs) of neutral molecules or electron affinities of anions, and their vibrational
frequencies. The conventional PE technique was a convenient technique for without
having to use any tunable light source. Furthermore, PE spectroscopy also has the
advantage of wide applicability for any molecule and does not require the knowledge of
any excited state (unlike some other techniques such as LIF). However, due to the
difficulty in distinguishing the electrons with very small kinetic energy differences, it’s
hard to get the resolution better than 10 meV,67 which was proved to be adequate for
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small molecules or anions, but might not be able to resolve the vibronic features for
larger polyatomic ones.
As an early refinement to the conventional PE technique, Peatman and co-workers
developed threshold photoelectron spectroscopy (TPES) to improve the spectral
resolution. In the TPES technique, the spectrum would be obtained by scanning the
frequency of the light source, with the detector detecting only electrons with near-zero
kinetic energies while removing all other kinetic electrons. The TPES technique is
capable of obtaining the same pieces of information as the conventional PE spectroscopy
does. The resolution of TPES has been improved to a few meV67 and widely used in gasphase spectroscopy since then. Although significantly improvement in the resolution,
TPES was still difficult to resolve detailed vibronic features in large polyatomic
molecules or anions. To further improve the spectral resolution, a pair of twin techniques,
ZEKE and MATI spectroscopy, have been developed, and the following section focus on
these two exciting techniques.

1.2.2 ZEKE and MATI spectroscopy
As the name “zero electron kinetic energy” indicates, ZEKE spectroscopy is a
technique where the energy of incident photon is tuned so that the emitted electron has
zero kinetic energy and the energy of incident photon is equivalent to the vibronic
transition energy. ZEKE spectroscopy, or pulsed field ionization (PFI) - ZEKE, was
firstly developed by Klaus Müller-Dethlefs and co-workers in 1984.68 The key idea in
the ZEKE technique is threshold ionization, during which the molecules are photoionized
at their ionization thresholds, and the IE equals to the incident photon energy. The
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threshold ionization is achieved by a two-step process as shown in Figure 1.1: Different
from the conventional PE technique that sets the incident photon energy above the
ionization threshold, the ZEKE technique requires the light source to have a lower energy
than the ionization threshold to avoid direct ionization, and then applies a pulsed electric
field to finally ionize the target. Thus, the ZEKE spectroscopy is also called PFI-ZEKE
spectroscopy. In addition to this pulsed electric field for ionization, a DC field is also
present during the ZEKE measurement to separate the electrons produced by direct
ionization, which could be yielded from either photoionization of thermally excited
species or direct ionization of the target when the incident photon is scanned to a higher
energy range.

During a ZEKE measurement, the neutral molecules are firstly

photoexcited to high-lying Rydberg states with a principal quantum number of 150 or
larger (n ≥ 150), which are only a few wavenumbers below the ionization threshold, and
the Rydberg molecules are then ionized by a pulsed electric field. By scanning the
incident photon frequency and collecting the electrons, one would obtain the ZEKE
spectrum. For a molecule in the Rydberg state with certain principal quantum number n,
angular quantum number m, and magnetic quantum number l, the energy Enml would
follow the Rydberg formula:

Enlm = −

RM
(n − δ l ) 2

(1.2)

where RM is the Rydberg constant and δl is the l-dependent quantum defect, and Enml
converges to the vibronic energy of a certain vibronic excited state. Therefore, the
excitation photon energy is approximately the vibronic transition energy of interest. The
long lifetime of a high-lying Rydberg state is explained by the strong l- and m-mixing in
the stray field caused by the nearby charged particles, and it’s found that the presence of
6

a small electric field which is often called the scrambling field would help improve the
lifetime of the Rydberg species.69 However, the presence of electric field removes the
high energy degeneracies and generate closely packed Stark levels, thus the transition
energy is shifted from the true value.70-73 Thus, the obtained ZEKE spectrum has to be
calibrated against the Stark shift induced by the electric field as follow:
(1.3)

∆AIE =
c⋅ Ef

where ∆AIE is the shift in the AIE, c is a constant, and Ef is the electric field strength.
With this in mind, one could obtain the AIE as well as vibrational frequencies of the
target molecule.
Since no longer limited by the separation of kinetic electrons, PFI-ZEKE
spectroscopy has a significant improvement in spectral resolution compared with
conventional PE or TPES, and it could typically achieve a resolution of 0.1 meV, which
is ~100 times better than the conventional PE technique.

Figure 1.2 compares the

conventional PE spectrum of Cr(C6H6)274 with the ZEKE spectrum of the same species
measured in our group75 and shows that ZEKE spectroscopy is capable of precisely
measuring not only the AIE, but also the vibronic structure of the molecule. ZEKE
spectroscopy is especially useful for studying metal containing molecules. One reason is
that metal ligand stretch usually has low vibrational frequency (< 500 cm-1), which is
hard to achieve for a tunable IR laser. Secondly, knowing of IE of the metal-ligand
complex makes it possible to derive the dissociation energy (DE) of the metal-ligand
complex (M-L), which is hard to measure directly experimentally even though DEs of the
metal ion-ligand complexes (M+-L) have been extensively investigated by techniques like
collision induced dissociation. Figure 1.3 shows the relationship between the AIEs of the
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metal atom M and M-L, and the DEs of M-L and M+-L. Following a thermodynamic
cycle, the DE of neutral complex could be derived from the following equation:
D0(M-L) = D0(M+-L) + IE(M) − IE(M-L)

(1.4)

where D0(M-L) and D0(M+-L) denote DEs of M-L and M+-L, and IE(M) and IE(M-L)
denote IEs of metal atom and M-L, respectively.
Seven years after ZEKE being developed, Langchi Zhu et al. borrowed the idea of
threshold ionization and developed MATI technique. Similar to ZEKE, MATI
spectroscopy takes advantage of long lived high-lying Rydberg states and PFI, while it is
different from ZEKE where ions rather than electrons are detected during the
measurement. A dc field is also needed during MATI measurements to separate MATI
ions from ions produced by direct ionization, and the field-induced ∆AIE could also be
calculated with Equation 1.3. The most significant advantage of MATI compared with
ZEKE is its capability of mass resolution via a time-of-flight (TOF) mass spectrometer as
it detects ions. As the molecular beam in this work usually consists of various Lahydrocarbon radicals and s lanthanaoxides or lanthanacarbides, the ability of mass
selection is indispensable. The spectral resolution of MATI technique is not as high as
ZEKE, as it depends mainly on linewidth of excitation laser and the strength of electric
field used for PFI. Even though both techniques could use the same excitation laser, the
electric field used for MATI is significantly stronger than that used for ZEKE, because
the ions are too much heavier than electrons. However, the MATI could still achieve a
spectral resolution of ~1 meV,76 which is also significantly better than that of the
conventional PE technique and is more than adequate for precise AIE measurements and
vibronic analysis of metal-ligand complexes. Taking all these aspects into consideration,
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the MATI spectroscopy is chosen as the technique to characterize La-hydrocarbon
radicals in this work.

1.3 Quantum chemical calculations
1.3.1 Hartree-Fock theory
The derivation of Schrödinger equation in 192677 opened the windows for
quantum chemical calculations.

In the world of quantum mechanics, any atom or

molecule could be described by the Schrödinger equation:
ĤΨ = EΨ

(1.5)

Where Ψ is the wave function, Ĥ is the Hamiltonian operator, and the eigenvalue E is the
energy. The Hamiltonian operator Ĥ is described as:

Z
Z Z
Z2 2
Z2 2
1
ˆ
H =−∑
∇i − ∑
∇ k − ∑∑ k + ∑∑ + ∑∑ k l
i 2me
k 2mk
i
k rik
i j >i rij
k l > k rkl

(1.6)

where me and mk are the masses of electron and nuclei, r represents distance, Z is atomic
number, i, j run over electrons and k, l run over nuclei, respectively. The first two terms
represents the kinetic energies of electrons and nuclei, while the last three terms describe
electron-nucleus, electron-electron, and nucleus-nucleus respectively. By solving the
Schrödinger equation, one could obtain useful information such as electron densities,
energies, and other properties of the system. The exact wave function for H atom is
known, whereas those for larger atoms or polyatomic molecules have to be estimated
based on certain approximations. One way to achieve this is called the Hartree-Fock (HF)
method, which is also called self-consistent field method.78, 79
Neglecting

the

relativistic

effect

and

under

Born-Oppenheimer

(BO)

approximation,80 which assumes the nuclear positions are fixed, neglects the electron9

nucleus term, and treats nucleus-nucleus term as a constant, the Schrödinger equation and
Hamiltonian operator then become:
(Ĥel + VNN)Ψel = EelΨel

(1.7)

Z
Z2 2
1
ˆ
∇i − ∑∑ k + ∑∑
H el =−∑
i 2me
i
k rik
i j >i rij

(1.8)

where the terms with the ‘el’ subscript mean those under BO approximation, and VNN is
the nuclear-nuclear repulsion energy.
In the HF method for close-shell system, the molecular wave function is written in
the format of Slater determinant (D), which is an antisymmetrized product of spinorbitals χ, each of which is a product of a spatial orbital φi and a spin function of either α
= 1/2 or β = −1/2:

χ1 (1)
χ1 (2)

χ 2 (1)
χ 2 (2)

 χ N (1)
 χ 2 (2)
1
D=



N! 
χ1 ( N ) χ N ( N )  χ N ( N )

(1.9)

Then the molecular electronic energy EHF could be expressed with the variation theorem:
EHF = D Hˆ el + VNN D = D Hˆ el D + VNN

(1.10)

The operator Ĥel is the sum of all one-electron operators (1st and 2nd term in Equation 1.8)
and two-electron operators (the 3rd term therein), and derived from Equation 1.10, the
energy of the molecule is:
n2

n2 n2

=i 1

=i 1 =j 1

EHF
= 2∑ H ii + ∑∑ (2 J ij − K ij ) + VNN

(1.11)

where H ii = φi (1) Hˆ (1) φi (1) is the electronic energy of the ith electron only under the
attraction

of

the

nuclear

core,

while
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J ij = φi (1)φ j (2) 1/ r12 φi (1)φ j (2)

and

K ij = φi (1)φ j (2) 1/ r12 φ j (1)φi (2) are called the Coulomb integral and exchange integrals
respectively. When focusing on only one particular electron in the system, one could
derive the HF equation:
Fˆ (1)φi (1) = ε iφi (1)

(1.12)

n2

where Fˆ (1) =
Hˆ (1) + ∑ [2 Jˆ j (1) − Kˆ j (1)] is called the Fock operator, and εi is the energy
j =1

for the ith molecular orbital. Finally, Equation 1.11 would be written as:
n2

n2 n2

=i 1

=i 1 =j 1

EHF= 2∑ ε i − ∑∑ (2 J ij − K ij ) + VNN

(1.13)

Since each molecular orbital is doubly occupied, the final HF energy is two times the sum
of all molecular orbital energies. Subtraction of the double sum term is to avoid counting
each interelectronic repulsion twice.
The EHF could be solved by assuming that the molecular orbitals to be the linear
combinations of basis functions (usually Gaussian-type functions). Assuming the spatial
orbital φi is the linear combination of a set of one-electron basis function χs and apply this
into the HF equation, it would come up with the Roothaan equation:81
b

∑c
s =1

si

( Frs − ε i S rs ) =
0

(1.14)

where Frs = χ r Fˆ χ s , S rs = χ r | χ s , or in the matrix form:
FC=SCε

(1.15)

where F is the so-called Fock matrix which is a b×b matrix with Frs as the elements and
is a function of C, whereas C is matrix of coefficients and S is the overlap matrix of basis
functions respectively. Equation 1.15 has to be solved iteratively by starting with an
11

initial guess and repeating to solve for the Roothaan equation to obtain new molecular
orbitals with updated energies until the change in energy is below a threshold and the
final energy is minimized.
The above technique could only be applied to close-shell systems by using only
one spatial orbital for a set of α and β electrons, and is thus called restricted Hartree-Fock
(RHF) method. In the real world of computational chemistry, one often has to deal with
open-shell systems especially when dealing with transition metal containing molecules.
To deal with open-shell systems, unrestricted Hartree-Fock (UHF)82 and restricted openshell Hartree-Fock (ROHF)83 methods have been developed. The UHF uses different
spatial orbitals for α and β electrons so that a pair of Roothaan equations could be written:
FαCα =SCαεα, FβCβ =SCβεβ

(1.16)

The final energy is minimized by iteratively solving for both α and β electrons. However,
the wave function is no longer an eigenfunction of the total spin operator and the final
<S2> is different from the desired value determined by the spin multiplicity of the
molecule itself due to the contamination possibly from excited states, and this
phenomenon is called spin contamination and may introduce an error.

The ROHF

method eliminates this issue by forcing paired electrons to share the same spatial orbitals.
However, compared with the UHF method, the ROHF method is less efficient and harder
to be implemented into software, and developing post-HF methods is also more difficult
from the ROHF wave function. Thus, UHF is preferred over ROHF in most cases when
spin contamination is not an issue.
Though successful in accounting for reasonably accurate energy for most systems,
the facts that it ignores electron correlations and uses only single-Slater determinant make
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it unable to predict exact energy even using ideal complete basis sets. The difference
between the HF energy and exact non-relativistic energy of the system is defined as
correlation energy. The correlation arisen from accounting the instantaneous correlations
between motions of electrons is defined as dynamic correlation, while the correlation
from the situations where single-Slater determinant wave function behaves poorly in
representing the system is defined as statistic correlation. There have been a variety of
methods to account for correlation energy developed since then. The dynamic correlation
is the major source in the case when one focus on only the ground state, and the most
popular methods are the Møller-Plesset (MP) perturbation theory,84-88 the coupled cluster
(CC) method,89-97 and the DFT theory,98-105

which are introduced in the following

sections.

1.3.2 Møller-Plesset perturbation theory
Researchers have been developing perturbation-theory methods to deal with
correlation energies of systems with many particles, which constitute many-body
perturbation theory (MBPT). Among the MBPT methods, the family of MP perturbation
theory developed by Møller and Plesstet in 193484 is the most widely used method. The
family of the MP perturbation theory y includes MP2, MP3, MP4, etc., where the number
following ‘MP’ means the number of the order of treatment used. MP2 and MP4 are the
two most popular methods in this family.
In the MP perturbation treatment, the spin-orbitals instead of spatial orbitals are
used, and only one-electron terms in the Fock operators are summed to form the MP
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unperturbed Hamiltonian, Ĥ0. Then the perturbation Ĥ′ is defined as the difference
between Ĥ0 and the true molecular electronic Hamiltonian Ĥ:
Ĥ′ = Ĥ − Ĥ0

(1.17)

The wave function Ψ and eigenvalue corresponding to the energy E could be expanded
into the following series:
Ψ = Ψ(0) + Ψ(1) + Ψ(2) + ···

(1.18)

E = E(0) + E(1) + E(2) + ···

(1.19)

The superscripts means the order of perturbation, which means the maximum number of
electrons to be excited from the occupied orbitals. The highest order of perturbation that
is considered determines the number after ‘MP’ in this family of methods. For example,
MP2 means taking molecular energy as EMP2 = E(0) + E(1) + E(2).
The MP first-order correction E(1) to the ground state is:
E (1) =
Φ 0 Hˆ ′ Φ 0

(1.20)

The energy with first-order perturbation could be written as:
EMP1 =E (0) + E (1) = Φ 0 Hˆ 0 + Hˆ ′ Φ 0 = Φ 0 Hˆ Φ 0

(1.21)

As Φ 0 Ĥ Φ 0 is the variation integral for the Hartree-Fock wave function, it equals to
the energy obtained from the Hartree-Fock theory. To achieve better results, secondorder perturbation has to be considered. The MP second-order correction could be
written as:

E (2) = ∑
s ≠0

ψ s(0) Hˆ ′ Φ 0

2

(1.22)

E (0) − Es(0)
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Where ψ s(0) denotes the wave function of a certain unperturbed level with energy Es(0) ,
whereas Φ0 and E(0) are the wave function and energy of the ground state. Taking the
molecular energy as E(0) + E(1) + E(2) gives the MP2 energy. MP2 is so far the most
popular method among the MP perturbation family and accounts for 75 – 84% of the total
correlation energy.85
MP calculations including the energy corrections through E(3) are designated as
the MP3 method.86 However, MP3 calculations take significantly longer time than MP2
calculations while providing limited improvements and have rarely been used. The next
popular MP method is the MP4 that includes the energy corrections through E(4).87, 88 In
some MP4 calculations, evaluation of the terms that involve triply excited determinant is
omitted and thus named as MP4(SDQ)87, whereas MP4(SDTQ)88 includes all single,
double, triple, and quadruple excitations.
Another thing to point out here is that the MP perturbation theory is not
variational, and it’s possible to yield an energy lower than the true energy of a particular
molecule.

1.3.3 Coupled cluster theory
The CC method was firstly introduced around 1958 by Coester and Kümmel in
the area of atomic nucleus89, 90 and developed for molecular electronic calculations since
the 1960s.91-95 The CC theory is expressed as:
ˆ

ψ= eT Φ 0

(1.23)
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where ψ is the exact electronic wave function, Ф0 is the HF wave function, and Tˆ is the
cluster operator, and is defined as the sum of operators of all single excitations, double
excitations, etc.:
Tˆ = Tˆ1 + Tˆ2 + Tˆ3 +

(1.24)

Due to computational power limitation, it’s impossible to include all cluster
operators to the n-th excitations for a n-electron molecule. Only some of which would
be included in actual calculations.

Among all of these operators, Tˆ2 has the most

important contribution to the total cluster operator Tˆ , and the simplest method in the CC
family is the one that only include only double excitations, which is called the coupledcluster doubles method. Computational methods with more and more operators being
included have been developed, and methods with inclusion up to quadruple excitations
have been made available.97 Among the family of the CC theory, the most popular one is
the coupled cluster with single, double, and perturbative triple excitations (CCSD(T)),96
which includes all single and double excitations, and the contribution of triple excitation
is approximated by a triple excitation without refined by iterations. Plenty of benchmark
studies have been performed for the CC theory, and comparisons have been mde with
other methods.106,

107

The CCSD(T) method has been widely recognized as the most

accurate method at an

affordable costand is

often called “the gold standard” in

computational chemistry.

1.3.4 Density functional theory
DFT is based on the Hohenberg-Kohn theorem proved by Hohenberg and Kohn in
196498 that states the molecular energy E0, wave function, and all other molecular
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electronic properties are determined by the electron probability density ρ0. Different
from a function that is a rule associating a number with each value of the variables, a
functional is a rule that associates a number with each function. The electron density
function ρ0 is a function of coordinates, whereas E0 is a function of ρ0, this method is thus
called density functional theory.

Based on the Hohenberg-Kohn theorem, the total

energy E0 is the sum of three terms: Electron kinetic energy, electron-nuclear attractions,
and electron-electron repulsions, where the electron-nuclear attractions term is known,
but the other two terms remain to be determined. In 1965, Kohn and Sham found an
applicable approach by introducing a noninteracting reference system

in which the

electrons do not interact with each other and developed Kohn-Sham equation,99 which
was formulated as:
E0 = Ts + Vne + J + Exc

(1.25)

where Ts, Vne, and J are the kinetic energy of the noninteracting reference system, the
electron-nuclear attraction energy, and the classical electron-electron repulsion energy,
respectively, which

are already known; whereas Exc is the exchange-correlation

functional as the sum of exchange-energy functional Ex and correlation-energy functional
Ec.
The major challenge for DFT theory is to develop appropriate Exc functionals
because the computational accuracy largely depends on the quality of the Exc functional
chosen.

Perdew and Schmidt108 classified the different functionals based on their

performance and divided them into five rungs: The local-density approximation (LDA) or
local-spin-density approximation (LSDA), the generalized-gradient approximation
(GGA), the meta-GGA, the hybrid, and the generalized random-phase approximation.
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LDA, as the simplest approximation, uses the form of exchange for uniform electron
gas109 and simulates the correlation functional based on the known high- and low-density
limits, while LSDA allows electrons with different spins to have different spatial orbitals,
thus improves the performance on open-shell molecules. To improve the LDA or LSDA
functionals, gradients are included into the integrand and the gradient-corrected
exchange- and correlation-energy functionals are called the GGA functionals. GGA
functionals have significant improvements compared with the LDA or LSDA functionals,
and some popular examples are B88100 and PBE101 for the exchange functionalsand
LYP102, PW91103, and PBE101 for the correlation functionals. The GGA functional could
be further improved by involving the second derivatives of density functions, and this
type of methods is called the meta-GGA.

The inclusion of HF exchange into the

functionals leads to the hybrid functionals. The most popular hybrid functional, or
probably the most popular functional of all by far, is the B3LYP that mixes HF, LDA,
and B88 exchange functionals, and LYP and VWN correlation functionals.104, 105 The
fifth rung proposes to utilize not only the occupied but also the unoccupied orbitals,
which is expected to achieve the best accuracy but still in the development stage.
For its low computational cost and relatively accurate performance, DFT theory
has been widely used in fields ranged from gas-phase to solid-state chemistry.
Benchmarks have shown that DFT calculations are capable of providing more than
adequately accurate results for most of the purposes.110, 111 Some functionals, especially
the most popular B3LYP, have been proved to be uniformly reliable except for cases that
involve van de Waals interactions or reaction activation energy.
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1.3.5 Relativistic effect
The theory of relativity was firstly developed by Albert Einstein in 1905.

112

It

concerns objects moving at the speed of light and states if an object approaches the speed
of light, its mass becomes infinite and thus is unable to travel faster than the light. It has
significant effects on quantum chemistry as well since the root-mean-square speed of an
inner-shell (1s) electron is Zc/137, where Z is the atomic number and c is the speed of
light in atomic units, and for a heavy atom or a molecule containing heavy atoms, the
moving speed of the inner-shell electrons are comparable to the speed of light, and the
relativistic effect is thus substantial.113 The relativistic mass increase of the inner-shell
electrons leads to decrease of their effective Bohr radii resulting in a radial shrinkage.
In 1928, Paul Dirac developed the Dirac equation to describe the wave function of
the system with relativistic effect:114
HDΨ = EΨ

(1.26)

H D = cα p + βc 2 + V

(1.27)

where HD is the Dirac Hamiltonian operator, c is the speed of light, V is the external
potential, p is the momentum operator, and α and β are 4×4 matrices.

The wave

function Ψ is interpreted as a superposition of a spin-up electron, a spin-down electron, a
spin-up positron, and a spin-down positron, solving for the full Dirac equation is thus
called a four-component calculation.

The four-component calculations have been

performed with methods like the multiconfiguration Dirac-Hartree-Fock method.115
However, the computational cost is too expensive compared with non-relativistic
calculations.113 To investigate the relativistic effect with a reasonable computational cost,
some quasi-relativistic methods including one-component, like the scalar relativistic
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methods,116 or two-component in the Dirac equation at the all-electron level have been
developed. A two-component method, the Douglas-Kroll-Hess (DKH) approach,117, 118
has been widely employed and tested.
The DKH approach is based on the Douglas-Kroll transformation and refined by
Hess and co-workers and is a two-component approximation. This is achieved by blockdiagonalization of the Dirac Hamiltonian operator HD with a unitary operator, U, that
removes the off-diagonal blocks, and could be decomposed into a sequence of simple
unitary transformation U=··· U3U2U1U0. The odd (off-diagonal) terms of arbitrary orders
could be removed in the external potential by finding anti-Hermitian operator Wn that is
Un = (1 + Wn2)1/2 + Wn

(1.28)

and the Douglas-Kroll Hamiltonian operator at each order could be derived to obtain
relativistic energies. The DKH approach is a quasi-relativistic two-component approach
as only the upper diagonal blocks in the 4×4 matrices are utilized. Hess and co-workers
extensively studied the DKH approach up to second-order,118, 119 while Nakajima and
Hirao extended it to even higher orders.120-123 A recent review showed that the DKH
approach is efficient and accurate and the DKH2 method is already capable of recovering
energy up to the order of Z6α4 (α = 1/c).124
Compared with solving for the full Dirac equation, DKH and other quasirelativistic approaches are more affordable. However, for large polyatomic systems, even
quasi-relativistic all-electron calculations like the DKH approach could still be time
consuming, especially for the reason of the lack of an analytical gradient approach.
Another commonly used approach is the effective core potential (ECP) method. Firstly
introduced in 1935,125, 126 ECP was initial designed to reduce the number of two-electron
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integrals by adding a one-electron operator to the Fock operator to treat core electrons in
a collective way. The relativistic effect could be incorporated with the ECP methods by
accounting for the relativistic contributions which is defined as the difference of the
results of a relativistic and a nonrelativistic calculation. The computational accuracy
would be related to the size of the core, level of relativistic effect treated, and the
parametrization, and these factors would also affect the computational cost. Compared
with the aforementioned all-electron methods, the (quasi-)relativistic methods are capable
of achieving an accuracy comparable to the all-electron scalar-relativistic methods.127
Besides avoiding the time consuming relativistic treatments, one could also benefit from
the ECP method which treat less electrons in the whole system, thus further accelerating
the calculations. Currently, varieties of ECPs have been developed and benchmarked.
They include, but not limited to, the energy-consistent pseudopotentials of the
Stuttgart/Cologne group128-132 and the Los Alamos National Laboratory series.133-135

1.4 Franck-Condon simulations
1.4.1 The Franck-Condon principle
In the 1920s, James Franck and Edward Condon developed a systematic theory to
explain the intensity of vibronic transitions in a spectrum,136-138 which is called the
Franck-Condon (FC) principle after their names. To be simple, it describes the intensity
of a given vibronic transition Mev as:
∗
M ev =Ψ
∫ e 'v ' µˆΨ e′′v′′dτ

(1.29)

where Ψe′v′ and Ψe″v″ are vibronic wave functions of the upper and lower states,
respectively, and µ̂ is the dipole moment operator and consists of electronic µˆ e and
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nuclear µˆ N .

Based on the aforementioned BO approximation, µˆ e and µˆ N are

independent, thus equation 1.29 could be rewritten as:

(

∗
∗
M ev =
∫ Ψ e 'v ' ( µˆ e + µˆ N ) Ψ e′′v′′dτ =∫ψ e′ µˆ eψ e′′dτ e

)( ∫ψ ψ
∗
v′

v′′

dτ N

)

(1.30)

where the first term in the right side is the electronic transition moment integral which is
determined by the electronic transition selection rule, whereas the second term is just the
vibrational overlap integral, and is also called the Franck-Condon factor (FCF). As
shown in Figure 1.4, the intensity of a vibronic transition for a diatomic molecule is
proportional to the square of the FCF.

1.4.2 Multi-dimensional FCF and spectral simulation
For diatomic molecules that have only one vibrational mode, the FCF is not too
difficult to obtain. To investigate polyatomic molecules with multiple vibrational modes,
a multi-dimensional FCF has to be employed, usually under the normal mode and
harmonic approximations. However, there still remains the problem of expressing the
normal modes of the final state in terms of the initial state due to the geometric change
upon electronic transition, which is described as the Duschinsky effect.139 The most
efficient approach to evaluate a multi-dimensional FCF was proposed by Doktorov et al.
which utilizes the Eckart rotational matrix to transform the neutral normal coordinates.140
The spectral simulations in this work are carried out with a software package developed
by Shenggang Li. More mathematical details could be found in Shenggang Li’s Ph.D.
thesis.141 The geometries and normal modes are retrieved from the quantum chemical
calculation output files directly, and a simulated spectrum is produced based on the multidimensional FCF described above and the Boltzmann distribution.
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(a) Conventional PE Spectroscopy
(b) ZEKE/MATI

Ionization
continuum
Ep

Rydberg
states

Neutral
Figure 1.1. The schematic diagram of conventional PE (a) and ZEKE or MATI (b)
spectroscopy.
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(a)

(b)

Figure 1.2. Conventional PE (a) and ZEKE (b) spectra of Cr(C6H6)2.
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Figure 1.3. The thermodynamic cycle showing the relationship between the IEs of a
metal atom and a metal-ligand complex, and D0s of the metal-ligand complex in the
neutral and ion states.
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CHAPTER 2. METHODOLOGY
2.1 Experimental setup
The metal-cluster beam instrument with a reaction vacuum chamber and a
spectroscopy chamber was used in the current work (Figure 2.1). The reaction chamber
was maintained at a base pressure of ~ 10-7 Torr and a working pressure of 10-5-10-4 Torr.
To do so, an oil diffusion pump (2200 L s-1, Edwards Diffstak250/2000M), backed by a
two-stage rotary pump (Edwards E2M40), was used to evacuate the reaction chamber.
Moreover, an active inverted magnetron gauge (Edwards AIM-S-NW25) was used to
monitor the pressure in the reaction chamber. The spectroscopy chamber was maintained
at ~ 10-8 Torr base pressure and ~ 10-6 Torr working pressure. Instead of using an oil
diffusion pump, the spectroscopy was evacuated by a turbo molecular pump (400 L s-1,
Seiko Seiki STP451) backed by a two-stage rotary pump (Edwards RV12) to avoid oil
contamination. A glass ion gauge (Duniway Stockroom I-CFF-275) was used to monitor
the pressure in the spectroscopy chamber. Two linear active pirani gauges (Edwards
AGP-M-NW16) were used to monitor the foreline pressures, which were maintained at ~
10-2 Torr, for the diffusion pump and the turbo molecular pump, separately. An electropneumatic gate valve (MDC GV-2000V-P) operated by electricity and nitrogen pressure
was used to activate or block the connection between the reaction and spectroscopy
chambers. Under a normal working condition, the gate valve was open and the two
chambers were connected. However, if the pressure in the reaction chamber suddenly
increased, the gate valve would automatically close to disconnect the two chambers and
protect the turbo molecular pump and detector from potential damages.
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The metal-hydrocarbon reactions were carried out in the reaction chamber. La
metal atoms were generated by pulsed laser ablation of a La rod of 0.25" diameter and
1.0" length (Alfa Aesar, 99.9%). The La rod was housed in a tube attached to a faceplate
and was translating in the vertical direction and rotating about the vertical axis driven by
a micromotor. The translation and rotation were to ensure each laser pulse interacted
with a fresh surface of the metal target to produce a stable molecule beam. The ablation
laser was the second harmonic output of a Nd:YAG laser (~ 2 mJ/pulse, Continuum
Minilite II) with the wavelength of 532 nm and was focused to a ~ 0.5 mm diameter spot
on the La rod surface by a focal lens for higher laser power density. The metal atoms
were entranced in an inert gas carrier [He (Scott Gross, 99.998) or Ar (Scott Gross,
99.998%) or He/Ar mixture, 40 psi] delivered by a piezoelectric pulsed valve (Physik
Instrumente P-286.20). Hydrocarbons were introduced into the reaction zone in two
different ways depending on their physical states: gaseous hydrocarbons were mixed with
the carrier gas in a gas cylinder and delivered by the piezoelectric pulsed valve, whereas
liquid hydrocarbons were vaporized and delivered by a low-flow metering valve
(Swagelok SS-SS4-VH) into the reaction chamber located ~ 3 cm downstream of the
laser ablation point. The gas mixture of La atoms, carrier gas, and the hydrocarbon
molecules then entered a collision tube (2 mm inner diameter, 2 cm length) and were then
expanded into the reaction chamber. Afterward, the molecular beam was collimated by a
cone-shaped skimmer (2 mm inner diameter), and passed through a pair of deflection
plates between which an electric field of 100 V cm-1 was applied. Ionic species in
molecular beam that were formed by laser ablation were removed by this electric field
and only neutral products were allowed to enter the spectroscopy chamber.
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In the spectroscopy chamber were a two field, space focused, Wiley-McLaren
TOF mass spectrometer,142 and a detector which was a dual micro-channel plate (MCP)
followed by a cone-shaped anode. The TOF spectrometer had two extraction cans with
2.5 cm spacing and a field-free TOF tube, which was 13'' in length and 1.5'' in diameter
and was surrounded by a double-layer μ-metal. In the extraction region, the neutral
metal-hydrocarbon complexes were photoionized or photoexcited by an ultraviolet (UV)
excitation laser from the output of a frequency-doubled dye laser (LUMONICS HD-500B)
pumped by the third harmonic output (355 nm) of a Nd:YAG laser (Continuum SL II-10).
The laser beam was collinear and counter propagating with the molecular beam. Two
pulsed voltages, 1700 V on the upper can and 2500 V on the lower can, were applied 20
μs after each UV laser pulse to the extraction cans to produce a pulsed electric field of
320 V cm-1, which was used to ionize the photoexcited species and to extract and
accelerate the ions towards the detector through the TOF tube. These pulsed voltages
were generated by two pulse generators (DEI PVX-4140) in combination with two dc
power supplies (SRS PS350/5000V-25W). On the top of the TOF tube was the detector
to detect the ion signals. The voltages applied to the MCP and anode were provided by a
high voltage power supply (SRS, PS350/5000V-25W) through a home-made voltage
divider. The scheme of the voltage divider is shown in Figure 2.2. The voltage divider
was so configured that the electric potential was -2050 V on the front MCP, -170 V on
the middle MCP, and zero volt on the anode. The signals were amplified by 106-107
times by the MCP and collected by the anode as electric currents. The output from the
anode was amplified again by a preamplifier (SRS SR445), then visualized by a digital
oscilloscope (Tektronix TDS 3012), and stored in a laboratory computer.
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TOF mass spectrometry, photoionization efficiency (PIE) spectroscopy, or MATI
spectroscopy were carried out in the spectroscopy chamber depending on the purpose of
characterization.

The TOF mass spectrometry technique was used to identify the

resultant La-hydrocarbon species, the PIE spectroscopy was used to estimate the AIE of a
molecule, and the MATI spectroscopy was employed to measure the accurate AIE and
vibronic profile of the molecule. The details of these spectroscopic techniques were
discussed in the following subsections.

2.1.1 TOF mass spectrometry
TOF mass spectrometry is a mass spectrometric method in which the mass-tocharge ratios of the ions are determined by the ion flight time within a given flight
distance. When they are extracted and accelerated by an electric field, the ions gain
kinetic energies Ek, which is related to the field strength E and the charge q of the particle
of interest:

=
Ek

Eq
=

1
mi vi2
2

(2.1)

where mi is the mass of the i-th particle and vi is the velocity it will gain.
In this work, because the UV light was defocused to avoid multi-photon
ionization, and the second ionization energies of the complexes were too high for single
UV photon ionization by the frequency-doubled dye laser, the generated cations always
had the same charge of +1. The field strength was fixed at 320 V cm-1. As such, all the
generated cations gained the same kinetic energy and the velocity that each cation will
gain was inversely proportional to the square root of the mass of the cation. The flight
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distance d, which was equal to the length of the TOF tube, was also fixed. Based on
Equation 2.1 and

ti =

d
vi

(2.2)

the flight time of the particular cation ti was proportional to the square root of the ion
mass. Once a reference ion signal with a known mass mr and flight time tr was selected,
one could easily calculate the mass mi of other ion signals observed in a reaction by
recording its flight time ti via equation:

t
=
mi ( i ) 2 ⋅ mr
tr

(2.3)

In practice, LaO+, with a mass of 154.9 amu, and a typical flight time of 8.96 μs, was
chosen as the reference.
Although the ions were generated when the UV excitation laser fired, they won’t
fly into the TOF tube until the extraction field was applied. Thus the starting point of the
exact flight time were recorded when the extraction field was applied, which could be
easily obtained as it’s precisely controlled with the delay generator.

2.1.2 PIE spectroscopy
As aforementioned, the purpose of the PIE measurements was to obtain the
estimated AIE to guide the MATI scan. A PIE curve was recorded by measuring the
intensity of the mass-selected ion signal as a function of the laser wavenumbers. When
the laser wavenumber was below the first ionization threshold, the ion signal was zero or
very weak indicating most of ions were at the vibronic ground state. After the laser
wavenumber passed the ionization threshold, the ion intensity exhibited a sharp increase
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due to the direct ionization of the molecule by the laser. The laser wavenumber
corresponding to the appearance of the onset was the AIE of the molecule.
Because PIE spectroscopy measures the total ion signal at a given laser
wavenumber, its spectral resolution is relatively low. Thus, the PIE measurements could
normally be used to estimate the AIE of a molecule. To obtain the accurate AIE and
vibronic spectrum of a molecule, the MATI technique was applied in this work.

2.1.3 MATI spectroscopy
The setup of MATI measurement was similar to those of TOF mass spectrometry
and PIE except for two differences. First, a dc voltage of ~ 10.0 V, generated by a
separate dc power supply (GW INSTEK GPS-30300), was applied to the upper extraction
can to separate the ions produced by PFI from those by direct photoionization. Under
this dc filed, the ions produced by direct UV laser photoionization were repelled, while
the Rydberg species stayed in their original flight paths until the pulsed electric field was
applied. Therefore, the MATI ions were separated from the ions produced by direct
photoionization. Second, in addition to the extraction and dc fields, MATI required an
extra electric field, which was the so-called scrambling field, to increase the life time of
the Rydberg states.69

In order to obtain the scrambling field, an electric field was

generated from the same devices that generated the extraction field. This electric field
was a residual ac field appearing at the falling edge of the extraction pulse timed
approximately ~50 ns before the firing of the UV excitation laser. . When the UV
excitation laser fired, such residual electric field affected the photoexcited species and
extended the life time of the Rydberg states. The strength of the scrambling field was
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hard to predict, but maximized signal intensity could be obtained by tuning the time
difference between the extraction electric pulse and the laser pulse.
With these changes, the MATI spectra were obtained by scanning the tunable dye
laser and plotting the MATI ion intensity with respect to the laser wavenumbers. The full
width at half maximum of MATI spectra was typically around 10 - 30 cm-1 depending on
the size of the complex being characterized. The MATI technique allowed the AIE to be
precisely measured with an uncertainty of 5 cm-1. The signal to noise ratio of a MATI
spectrum was influenced by the number density of the species and the life time of
Rydberg states. To ensure a clear MATI spectrum with a reasonable signal to noise ratio,
summation of a few repeating scans was often necessary. To obtain accurate AIE values,
the Stark shift induced by the dc field (Ef) was calculated using Equation 1.3, where the
constant c was determined to be 6.1.143 When a typical 12.0 V dc voltage was applied,
the shift in the AIE was calculated as 13.4 cm-1. Furthermore, laser wavelengths were
calibrated against titanium atomic transitions in the MATI spectral region.144

2.2 Timing sequence
Timing sequence is an important matter in gas-phase molecular beam experiments.
In this work, the timing of firing lasers and applying electric fields had to be controlled
precisely in time scales from microseconds to nanoseconds so that the laser pulse could
interact with the proper portion of the molecular beam and ion signals of target molecules
could be maximized. Two pulsed delay generators with TTL shaped pulses were used to
control the timing sequence in this work. The first pulsed delay generator (PG1, SRS
DG535) was internally triggered, and the second pulsed delay generator (PG2, SRS
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DG645) was triggered by the first one. Devices that needed to be externally triggered by
PG1 and PG2 included: the piezoelectric pulsed valve, the flash lamp of the ablation laser
(Continuum Minilite II), the flash lamp and Q-switch of the pump laser (Continuum
Surelite II) for the UV excitation laser, and the pulse generators that produce the
extraction and scrambling fields. The overall timing sequence is shown in Figure 2.3.
The whole timing sequence began with triggering the piezoelectric valve at T0 and
ended with triggering the pulse generators that produce the falling edge of the extraction
field at T5″. After the piezoelectric valve was triggered, the flash lamp of ablation laser
was triggered at T1 (40 μs after T0), followed by the Q-switch of the ablation laser which
was internally triggered 140 μs after T1. It should be noted that the ablation laser was
actually fired ~ 180 μs after T0, which was the typical time that takes for the carrier gas or
carrier gas/ligand mixture to enter the ablation region. Also, the exact time for T1 was
tuned to maximize the signal.. Next, the flash lamp of the pump laser was triggered at T2.
Because the Q-switch delays for these two lasers were similar, the delay time of T2
relative to T1 approximately reflected the time difference between the ablation and UV
excitation laser pulses, which should equal to the flight time for the molecular beam from
the ablation region to the extraction region. Moreover, the flight time was different for
different carrier gases. The typical travelling time of the molecular beam was ~ 400 μs
with a He carrier gas and increased to ~ 800 µs with an Ar gas. In practice, T2 was tuned
with respect to T1 so that the signal intensity was maximized. Before the UV excitation
laser fired, to generate the scrambling field the pulse generators were triggered at T3′/T3″
to produce the first electronic field with a pulse width of 300 ns. Specifically, T3′ was the
time for the pulse rising edge and T3″ for the pulse falling edge. T3″ was tuned around 50
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ns before the UV excitation laser pulse to maximize the signal so that the residual ac
field had the best effect on the life time of the Rydberg species. T4 was the trigger for the
Q-switch of the pump laser for the UV excitation laser. As this laser was designed to
gain maximum power with a Q-switch delay of 174 μs from the flash lamp trigger, T4
was fixed at (T2 + 174) μs. Finally, the extraction field (T5′ to T5″) with a pulse width of
50 μs was applied 20 μs after T4 by triggering the pulse generators again. The 50 μs
width guaranteed each pulse of the molecular beams to be fully covered, while the 20 μs
delay after firing the UV excitation laser ensured the separation of the direct ions from
the MATI ions in a MATI measurement.

2.3 Computational details
Quantum chemical calculations and multi-dimensional FCF simulations were
performed to analyze the MATI spectra. The quantum chemical calculations were used
to predict state specific structures and energies of a molecule whereas the multidimensional FCF simulations were used to calculate the ionization spectra of the
molecule based on the FC principle and the computed molecular structures and energies.
Quantum chemical calculations were carried out with Gaussian 09145 and
MOLPRO 2010.1146 software packages. Geometry optimization and frequency analysis
were carried out for the neutral molecule and corresponding singly charged cation of the
proposed structure to obtain the theoretical AIE and normal mode coordinates of all
vibrations. No symmetry restrictions were imposed in initial geometry optimizations, but
appropriate point groups were used in subsequent geometry optimizations and frequency
calculations to help identify electronic and vibrational symmetries. Reaction mechanisms
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were proposed by optimizing each of the stationary points along the reaction pathway,
which was firstly estimated by relaxed scans. For each optimized stationary point, a
vibrational analysis was performed to identify the nature of the stationary point
(minimum or saddle point). Finally, the minima connected by each transition state were
confirmed by intrinsic reaction coordinate calculations.
. The quantum chemical calculations in the current work are usually challenging
due to the electronic open-shell and relativistic effects of the molecular systems of
interest.

Such calculations can be performed at DFT, MP2, and CCSD(T) levels

depending on the required computational accuracy and the available computing power.
The basis sets in such calculations can also be chosen by considering the computational
accuracies and resources. The basis sets for the lighter atoms (C and H) can be chosen
from the split-valence basis set [6-311+G(d,p)],147 and the correlation consistent basis
sets (cc-pVTZ, aug-cc-pVTZ, or the ones with “-DK” extension designed for relativistic
calculations).148, 149 Compared with the 6-311+G(d,p) basis set, correlation consistent
basis sets utilize more basis functions and thus are expected to yield more accurate results,
but they take longer time for the same type of calculations. For the La atom, either ECP
or all-electron basis sets are available.

The best available ECP basis set is the

Stuttgart/Dresden (SDD) that treats 28 electrons as a core and considers the Wood-Boring
quasi-relativistic effect.150 All-electron basis set cc-pVTZ-DK3151 is also available and is
expected to yield high accuracy, but it is more expensive due to a larger size and a
separate relativistic treatment.
To test the performance of quantum chemical calculations at different levels with
different basis sets, a benchmark of the performances on AIEs and La-ligand vibrational
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frequencies was carried out. The benchmark focused on two La-hydrocarbon radicals,
LaCH2 and La(C2H2), whose precise AIEs and La-ligand stretch frequencies were
precisely measured in previous works.59, 61 DFT methods with B3LYP,104, 105MP2, and
CCSD(T) calculations with the combinations of different basis sets, as well as the
CCSD(T) single-point energy calculations based on B3LYP optimized geometry
(CCSD(T)//B3LYP), were tested and compared. All-electron calculations were only
carried out with CCSD(T) and the DKH3120 quasi-relativistic effect treatment to pursue
high accuracy. To save time in the MP2 and CCSD(T) calculations, the C 1s electrons
and La 1s through 4d electrons (46 electrons) were treated as inactive in the post-HF
calculations.

Table 2.1 summarizes the results from the benchmark calculations.

DFT/B3LYP results were in reasonable agreement in both AIE and vibrational
frequencies with the observed values, and they were not sensitive to the size of basis sets;
MP2, even though requiring significantly higher computational power, less agreed with
the measured values compared with the B3LYP; the most expensive CCSD(T) method
had best performance on predicting both the AIE and frequencies when larger basis sets
were used butwas not significantly better than DFT/B3LYP if 6-311+G(d,p) was used.
These results indicated that both DFT/B3LYP and CCSD(T) were better against MP2 in
terms of accuracy. CCSD(T) had extremely high accuracy but was the most expensive
one. With no analytical gradient approach, it was even more expensive for geometry
optimization and vibrational analysis where calculations of gradients or hessians were
necessary.
DFT/B3LYP were extensively used in a series of previous studies on Lahydrocarbon reactions and generally provided adequate prediction for spectral
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assignments and structural identifications.57-62 In this work, the geometry optimizations
and frequency analyses were carried out with DFT/B3LYP. The basis sets were 6311+G(d,p) for C and H, and SDD for La. To refine the energies of the electronic states,
CCSD(T)//B3LYP calculations with the DKH3 quasi-relativistic effect treatment were
carried out for each of the lowest neutral and ionic states. Basis sets used in the
CCSD(T)//B3LYP calculations were cc-pVTZ-DK3, cc-pVTZ-DK, or aug-cc-pVTZ-DK
for La depending on the size of the complex. All the ECP calculations were carried out
with Gaussian 09, whereas the all-electron calculations were performed with MOLPRO
2010.1.
To compare with the experimental MATI spectra, multi-dimensional FCF was
calculated from the equilibrium geometries, harmonic vibrational frequencies, and
normal coordinates of the neutral and ionized complexes using the software package
written by Dr. Shenggang Li.141

In these calculations, the recursion relations from

Doktorov et al.140 were employed and the Duschinsky effect139 were considered to
account for a possible axis rotation from the neutral complex to the cation.

More

mathematical details could be found in Dr. Shenggang Li’s thesis.141 The simulated
spectra were obtained using the experimental line width and the Lorentzian line shape.
The position of the origin band was aligned with the experimental value, while
vibrational frequencies were not scaled for clear comparison. Transitions from excited
vibrational levels of the neutral complex were considered by assuming thermal excitation
at a certain vibrational temperature.
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Table 2.1: The mean unsigned errors in AIEs/La-ligand vibrational frequencies (cm-1) in
a series of benchmark calculations on LaCH2 and La(C2H2) with different methods.
Basis sets

B3LYP

MP2

CCSD(T)

CCSD(T)
//B3LYP

6-311+G(d,p)
& SDD

905/12

1067/24

493/7

469/−

cc-pVTZ
& SDD

481/13

1152/26

686/10

661/−

aug-cc-pVTZ
& SDD

868/11

786/22

125/6

112/−

cc-pVTZ-DK
& cc-pVTZ-DK3

−/−

−/−

328/8

322/−

aug-cc-pVTZ-DK
& cc-pVTZ-DK3

−/−

−/−

192/6

186/−
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Figure 2.1. Schematic diagram of the experimental setup.

Figure 2.2. Schematic diagram of the voltage divider.
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Figure 2.3. Time sequence in the spectroscopic measurements of this work.
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CHAPTER 3. LATHANUM-MEDIATED DEHYDROGENATION OF BUTENES
3.1 Introduction
Butene (C4H8) has three common structural isomers: 1-butene (CH2=CHCH2CH3),
2-butene (CH3CH=CHCH3), and 2-methylpropene or isobutene (CH2=C(CH3)2). Their
reactions with metal ions have been investigated with mass-spectrometry based
techniques.5, 6, 152-161 For 1- and 2-butenes, loss of H2 is the exclusive or predominate
reaction with M+ = Sc+, Fe+, Co+, Ni+, Ln+, and Pt+; Ln = lanthanide) and leads to
presumably butadiene complexes M+(C4H6).5,

153-157

This contrasts the behavior of

isobutene, which formed only sequential adducts with Fe+ but dehydrogenated by Co+,
Ni+ and Sc+ to form M+(C4H6).154,

155

Collision-induced dissociation, ion-molecule

reactions, and deuterium exchange reactions indicated that the M+(C4H6) ions generated
from the isobutene reactions most likely were M+(butadiene) with M+= Co+ or Ni+,154 but
M+(trimethylenemethane) with M+ = Sc+.155 Dehydrogenation of the butenes has also
been observed by various transition metal atoms.6, 13-15, 18 For example, Y(C4H6) + H2
was observed using crossed molecular beams as the predominant process for the Y
reactions with 1-butene, 2-butene, and isobutene at collision energies of 11.0 and 26.6
kcal mol-1, although Y(H2) + C4H6 was also detected as a significant channel for Y + 1and 2-butenes at the 26.6 kcal mol-1 collision energy.18
The reaction of La + 1-butene has been investigated by in a previous study by Dr.
Dilrukshi

Hewage,

in

which

two

isomers

of

La(C4H6),

La[C(CH2)3]

and

La(CH2CHCHCH2), were identifie.162 This current work extends the investigation to La
reactions with all the three butene isomers, and reports the spectroscopic characterization
of La(C4H6) formed in these reactions using MATI spectroscopy. The motivation was to
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determine spectroscopically the structures of the dehydrogenated species and to
understand how La atom activates the C-H bonds of and removes H2 from the butenes.

3.2 Experimental and computational methods
The metal-cluster beam instrument used in this work consists of reaction and
spectroscopy vacuum chambers and was described in Section 2.1. Metal-hydrocarbon
reactions were carried out in a laser-ablation metal cluster beam source. Each of the
gaseous butenes (1-butene, 2-butene, and isobutene: ≥ 99 %, Aldrich) was seeded in a He
(99.998%, Scott Gross) carrier gas with a butene:He molar ratio of ~ 10-5-10-7 in a
stainless steel mixing cylinder. La atoms were generated by pulsed-laser (Nd:YAG,
Continuum Minilite II, 532 nm, ~1.0 mJ/pulse) ablation of a La rod (99.9%, Alfa Aesar)
in the presence of the butene/carrier gas mixture (40 psi) delivered by a home-made
piezoelectric pulsed valve (Physik Instrumente P-286.20). The metal atoms and gas
mixture entered into a collision tube (2 mm diameter and 2 cm length) and were then
expanded into the reaction chamber, collimated by a cone-shaped skimmer (2 mm inner
diameter), and passed through a pair of deflection plates. Ionic species in the molecular
beam that were formed by laser ablation were removed by an electric field (100 V cm-1)
applied on the deflection plates, and neutral products were identified by photoionization
TOF mass spectrometry.
Prior to the MATI measurements, PIE spectra of La(C4H6) were recorded to
locate an approximate ionization threshold to guide MATI scans.

In the MATI

experiment, La(C4H6) was excited to high-lying Rydberg states in a single-photon
process and ionized by a delayed pulsed electric field. The excitation laser was the
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frequency doubled output of a tunable dye laser (Lumonics HD-500), pumped by the
third harmonic output (355 nm) of a Nd:YAG laser (Continuum Surelite II). The laser
beam was collinear and counter propagating with the molecular beam. The ionization
pulsed field (320 V cm-1), which was also used for accelerating ions into the field free
region, was generated by two high voltage pulse generators (DEI PVX-4140) and delayed
by ~ 20 μs from the laser pulse by a delayed pulsed generator (SRS DG645). A small dc
field (6.0 V cm-1) from a separate power supply (GW INSTEK GPS-30300) was used to
separate the ions produced by direct photoionization from the MATI ions generated by
the delayed field ionization. The MATI ion signal was obtained by scanning the tunable
dye laser, detected by a dual microchannel plate detector, amplified by a preamplifier
(SRS SR445), visualized by a digital oscilloscope (Tektronix TDS 3012), and stored in a
laboratory computer.

Laser wavelengths were calibrated against titanium atomic

transitions in the MATI spectral region, and the calibration was done after recording the
MATI spectra.144 The Stark shift on the AIE induced by the dc field was calculated using
Equation 1.3.
Computationally, DFT/B3LYP was used to calculate the equilibrium geometries
and vibrational frequencies of various isomers of La(C4H6) and the free ligands. The
basis sets used in these calculations were 6-311+G(d,p) for C and H and SDD for La. No
symmetry restrictions were imposed in initial geometry optimizations, but appropriate
point groups were used in subsequent optimizations to help identify electronic
symmetries. For each optimized stationary point, a vibrational analysis was performed to
identify the nature of the stationary point (minimum or saddle point). In predicting
reaction pathways, minima connected by a transition state were confirmed by intrinsic
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reaction coordinate calculations. To refine the energies of the lowest doublet and singlet
states, CCSD(T) calculations involving the third-order DKH relativistic correction at the
DFT/B3LYP optimized geometries were carried out. Basis sets used in the CCSD(T)
calculations were aug-cc-pVTZ-DK for C and H, and cc-pVTZ-DK3 for La. The DFT
calculations were performed with Gaussian 09 software package, whereas the CCSD(T)
calculations were carried out with MOLPRO 2010.1.
To compare with the experimental MATI spectra, multi-dimensional FCF were
calculated from the equilibrium geometries, harmonic vibrational frequencies, and
normal coordinates of the neutral and ionized complexes. Spectral simulations were
obtained using the experimental line width and Lorentzian line shape. Transitions from
excited vibrational levels of the neutral complex were considered by assuming thermal
excitation at specific temperatures.

3.3 Results and discussion
3.3.1 TOF mass spectra and La-hydrocarbon species
Figure 3.1 displays the TOF mass spectra of the La reactions with 1-butene, 2-butene,
and isobutene recorded with 240-250 nm photoionization. The mass spectra from all the
butene reactions are essentially the same and show a predominant product La(C4H6) and
several other metal-hydrocarbon species. La(C4H6) is formed by the loss of H2 from
C4H8. La(C8H14), which is a minor species in the 1- and 2-butene reactions but becomes
more significant in the isobutene reaction, is formed by a secondary reaction, possibly
La(C4H6) + C4H8. Two other minor species are La(C2H2) and LaO(C4H8), with the
smaller species being formed by the C-C cleavage and the larger one by the addition of
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LaO with a butene molecule. The observation of the adduct LaO(C4H8) suggests that
LaO is less reactive than La. LaO could be formed by La reactions with oxygen that is
present in the carrier gas as an impurity or by laser vaporization of La oxide impurity in
the La rod. The observation of the predominating H2 loss is similar to previous studies
on butene reactions with other metal atoms or ions.5, 6, 13-15, 152-161

3.3.2 MATI spectra and isomers of La(C4H6)
MATI spectra of La(C4H6) formed by La reactions with 1-butene, 2-butene, and
isobutene are different as shown in Figure 3.2. The spectrum of La(C4H6) from the La +
1-butene reaction (Figure 3.2a) displays two band systems, with the stronger band
system originating at 39418 (5) cm-1 and the weaker one originating at 41264 (5) cm-1.
The 39418 cm-1 system consists of a 396 cm-1 progression with up to three vibrational
quanta, two bands at 318 and 470 cm-1, and several other weaker bands marked with “*1,
*2, #1, and # 2” at the higher energy side of the origin band. The “*1” and “*2” bands
are combination bands of the 318 cm-1 transition with the first and second quanta of the
396 cm-1 progression, whereas the “#1” and “#2” bands are the combination bands of the
470 cm-1 transition with the first and second quanta of the 396 cm-1 progression,
respectively. At the lower energy side, the 39418 cm-1 band system shows two weak
bands at 289 and 374 cm-1, which are due to transitions from vibrationally excited levels
of the neutral species. The 41264 cm-1 band system is much weaker but clearly displays
a 353 cm-1 transition at the higher energy side and a 326 cm-1 transition at the lower
energy side of the origin band. The spectrum of La(C4H6) formed by the La + 2-butene
reaction (Figure 3.2b) is essentially the same as the 39418 cm-1 band system of the
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species formed by La + 1-butene, though the signal to noise ratio is lower. Because of
the weaker signals, some of the weak bands are not as well resolved as those of the
spectrum from the La+1-butene reaction. On the other hand, the spectrum of La(C4H6)
produced by La + isobutene has a much higher signal to noise ratio (Figure 3.2c). It not
only reproduces the three bands of the 41264 cm-1 system of the species formed by the 1butene reaction, but also shows at the higher energy side of the 41264 cm-1 origin band a
240 cm-1 progression with up to two quanta, two more quanta of the 353 cm-1 progression,
and two additional bands at 900 and 958 cm-1.
Figure 3.3 displays the structures of the doublet ground states of the three lowenergy isomers of La(C4H6), along with the structures of the singlet ground states of the
butenes isomers (C4H8). Table 3.1 and Table 3.2 summarize the geometric information,
relative energies of the low-energy spin states of the La(C4H6) isomers predicted by
DFT/B3LYP and CCSD(T)//B3LYP calculations. The relative energies of the butenes
follow the order of isobutene < 2-butenes < 1-butene. The two conformers of cis- and
trans-2-butene are close in energies, with the trans form slightly more stable. The three
isomers of La(C4H6) are trimethylenemethanelanthanum [La(C(CH2)3), Iso A], 1lanthanacyclopent-3-ene [La(CH2CHCHCH2), Iso B], and (trans-butadiene)lanthanum
[La(trans-C4H6), Iso C]. The most stable isomer is predicted to be Iso A, followed by Iso
B and Iso C. For each isomer, the ground state of the neutral species is a doublet state;
and the lowest energy state of the corresponding ion is a singlet state. We only consider
doublet states for neutral molecules and singlet states for cations because our previous
studies have shown that La-hydrocarbon complexes always have doublet ground states
with a La 6s1 electron configuration and a singlet state with the La 6s electron removed
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during ionization, and the quartet neutral states or triplet ionic states are too high in
energies comparing with the doublet and singlet states, thus will never be a candidate
yielding the observed MATI spectra.57, 59-62 Among the neutral doublet states of the three
isomers, the 2A1 state of Iso A (C3v) has the lowest energy, the 2A′ state of Iso B (Cs) is
predicted at ~0.01 eV by B3LYP and 0.13 eV by CCSD(T), and the 2A state of Iso C (C2)
is at 0.46 and 0.53 eV by the two computational methods, respectively.
The 1A′ ← 2A′ transition of Iso B is assigned to the 39418 cm-1 band system of
La(C4H6) from the 1-butene reaction and the spectrum of La(C4H6) from the 2-butene
reaction. The 1A1 ← 2A1 transition of Iso A is attributed to the 41264 cm-1 band system
of La(C4H6) from the 1-butene reaction and the spectrum of La(C4H6) from the isobutene
reaction. These assignments are supported by the agreement between the measurements
and computations, as demonstrated in Table 3.3 and Figure 3.4. Table 3.3 lists the
measured and calculated the AIEs and vibrational frequencies; Figure 3.4 compares the
39418 cm-1 band system from the 1- and 2-butene reactions (Figures 3.4a and 3.4b) with
the 1A′ ← 2A′simulation of Iso B (Figure 3.4e), as well as the 41264 cm-1 band system
from the 1-butene and isobutene reactions (Figures 3.4a and 3.4c) with the 1A1 ← 2A1
simulation of Iso A (Figure 3.4d). The origin bands in the simulations are aligned with
those in the experimental spectra, but the computed vibrational frequencies are unscaled
in order to directly compare with the experimental spectrum. For the 39418 cm-1 band
system in Figures 3.4a and 3.4b, the 470, 396, and 318 cm-1 intervals are assigned to
excitations of a symmetric La-ligand stretch coupled with a terminal CH2 rock (ν11+, a′), a
second symmetric La-ligand stretch mixed with another terminal CH2 rock (ν12+, a′), and
a symmetric C-H bend of the middle HC=CH group (ν13+, a′) in the 1A′ ion state of Iso B;
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374 and 289 cm-1 intervals to the second La-ligand stretch/CH2 rock (ν12, a′) and C-H
bend (ν13, a′) excitations in the 2A′′ state of the same isomer. The main difference
between the two La-ligand stretch/CH2 rock modes is the opposite directions of the CH2
rocking motions. For the 41264 cm-1 band system in Figures 3.4a and 3.4c, the 1A1 ←
2

A1 simulation of Iso A reproduces the experimental 353 cm-1 band above the origin band

and 326 cm-1 band below the origin band. The 353/326 cm-1 intervals are assigned to the
symmetric La-ligand stretch excitations (ν6+/ν6, a1) of the 1A1 ion / 2A1 neutral states.
The simulation also reproduces the second and third quanta of the 353 cm-1 progression
and the weak 900 and 985 cm-1 transitions above the origin band in the spectrum of
Figure 3.4c. The 900 and 985 cm-1 are assigned to the CH2 wag (ν4+, a1) and C(CH2)3
deformation (ν3+, a1) in the ion, respectively. However, the weak 240 cm-1 progression
with up to two vibrational quanta in Figure 3.4c is not shown in the simulation. This
progression was previously attributed to excitations of a degenerate asymmetric Laligand stretch (ν18+, e) of La(C4H6) formed by the La reaction with propene, and the
activity of the degenerate mode could be due to the Herzberg-Teller effect.61 The 1A ←
2

A transition of Iso C cannot be a candidate for the observed spectra because Iso C is in

significantly higher energy than Iso A or B, and simulations of various transitions don’t
match the experimental observations.
The C(CH2)3 fragment in Iso A is a trimethylenemethane diradical, where the π
system consists of four π electrons delocalized over four π-type molecular orbitals, two
of which are degenerate.163 In the 2A1 state of Iso A (C3v), C(CH2)3 has three equal C-C
bonds (Table 3.1), which corresponds to the structure of the triplet ground state with two
unpaired electrons in the degenerate π orbitals.163 The CH2CHCHCH2 moiety in the 2A′
48

state of Iso B (Cs) is a cis-butene-1,4-diyl (Table 3.1) and can also be considered as a
diradical with an unpaired electron localized on the carbon atom of each CH2 group. In
binding with these diradicals, the two 5d electrons of La are spin paired in a molecular
orbital that is bonding combination between a La 5d orbital and a π* empty antibonding
orbital of the hydrocarbon fragment. The charge transfer from La to the hydrocarbon
leads to a formal oxidation state of +2 for the La atom with largely a La 6s1 electron in
the highest occupied molecular orbital (HOMO) in the doublet ground states of the two
isomers. The removal of the metal-based 6s electron by ionization has a small effect on
the geometry of complex, and thus the MATI spectra of the both isomer display short FC
profiles.
Previously, we observed La(C4H6) formed by La atom reactions with ethylene,59
propene,61 and 1,3-butadienes.62 Iso A was identified from the La + propene reaction,
which involves the C-C bond cleavage of propene in the primary reaction and the C-C
coupling and dehydrogenation in the secondary reaction. Iso B was detected from the CC bond coupling of ethylene, 1,3-butadiene addition, and C-C cleavage and coupling of
propene. The formation of the two isomers of La(C4H6) by the La reactions with the
butenes is different from those of the above reactions and is discussed in Section 3.3.43.3.6 below. Figures 3.5-3.8 present the DFT/B3LYP computed stationary points for the
formation of the two isomers from the H2 elimination of 1-butene, 2-butene, and
isobutene, respectively. These stationary points include reactants, intermediates (IMn),
transition states (TSn), and products in their doublet spin states.
stationary points are reported in Tables 3.4-3.6.

Energies of the

We consider the concerted H2

elimination because previous studies have shown that step-wise dehydrogenation paths
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are less favorable for the metal atom-mediated dehydrogenation of small alkenes and
alkynes.57, 59-62

3.3.3 Formation of Iso A and Iso B by La reaction with 1-butene
The formation of Iso B for the La + 1-butene reaction consists of La addition to
the C=C double bond, La insertion to C(sp3-H) bonds, and H2 elimination. Figure 3.5
and Table 3.4 present the stationary points and their energies along the reaction
coordinates. The reaction begins with La atom addition to the C=C bond to form a π
complex [La(CH2CHCH2CH3), IM1] at 32.5 kcal mol-1 blow the reactants. Upon the La
addition, the C=C double bond of 1-butene is elongated by 0.17 Å (from 1.331 Å to
1.505 Å) due to the cleavage of the π bond between the carbon atoms. The change from
the C=C to C-C bond is also evidenced by the bending of the H atoms in the ethenyl
group of the ligand. A molecular orbital analysis reveals that the unpaired pπ electron on
each of the two ethenyl carbon atoms is paired with a La 5d electron to form a La-σ bond.
Thus, the resultant π complex is a metallacyclopropane. The exothermic energy from the
La addition to 1-butene (32.5 kcal mol-1) is similar to those from La additions to ethylene
(32.4 kcal mol-1)59 and propene (29.7 kcal mol-1),60 but significantly lower than those
from La additions to propyne (52.3 kcal mol-1).57 The second step (IM1-IM3) is the
activation of a C(sp3)-H bond of the CH2 group in the β position. The β-carbon is defined
as the carbon atom that is connected to the La-bound α-carbon in the initially formed π
complex (IM1). γ-Carbon is defined as the carbon atom next to the β-carbon. The
C(sp3)-H bond activation involves the rotation of the Cα-Cβ bond via TS1 to convert the
trans-configuration of the ligand in IM1 to a cis-configuration in IM2, which is followed
50

by the elongation of a Cβ-H bond via TS2 to form IM3. In IM3, the La-Cα σ bonds are
weaker than those in IM2, the Cα-Cβ bond is close to a double bond, a Cβ-H bond is
broken, and a La-H bond is formed. The third step (IM3- IM5) is the activation of a
C(sp3)-H bond of the terminal CH3 group in the γ position. This is accomplished by the
rotation of the La-H bond in IM3 to form IM4 and the insertion of La into the methyl
C(sp3)-H bond to form IM5. As a result, the C(sp3)-H bond is broken, and La-H and LaC(sp3) bonds are formed. The La-H bonds in IM5 (2.515 and 2.585 Å) are weaker than
that in IM4 (2.093 A), and the La-bound H-H distance (0.768 Å) is close to the
equilibrium H-H bond length (0.774 Å) in a free H2 molecule. The final step is the
concerted H2 elimination from IM5 to form Iso B. The whole process La + 1-butene →
Iso B is exothermic by 36.2 kcal mol-1 and has no energy barrier. Along the reaction
coordinates, the C(sp3)-H bond activation is preferred because it is weaker than a C(sp2)H bond, bond rotations have lower energy barriers (TS1 and TS3) than metal insertions
into C-H bonds (TS2 and TS4), and the H2 elimination (from IM5 to Iso B) is basically
barrierless. Moreover, because the energy barriers (TS1-TS4) are considerably lower
than the energy of the reactants, all intermediates (IM1-IM5) have tendency to convert to
the product (Iso B). This may explain why no intermediates were observed in our
experiments even though the two inserted species (IM3 and IM4) are more stable than the
product. The observation is similar to previous studies of La reactions with other small
unsaturated hydrocarbons,57,

59

except for propene where a La-inserted species was

observed.60
The formation of Iso A is more complicated due to the carbon skeleton
rearrangement involving both C-C bond cleavage and coupling prior to H2 elimination
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(Figure 3.6 and Table 3.4). The first step is the same as that in the formation of Iso B,
which is the La addition to form IM1 π complex. The second step is the Cβ-Cγ cleavage
(IM1- IM8). This step involves the Cα-Cβ bond rotation to bring the ligand to a cisconfiguration to form IM6, La insertion into the Cβ-Cγ bond to form IM7, and the rotation
of the La-CH3 bond to form IM8. IM6 is similar to IM2, except that the Cγ atom in the
methyl group is closer to the La atom. Both IM7 and IM8 are methyl(η3-allyl)lanthanum
[(CH3)La(CH2CHCH2)], with nearly opposite orientations of the La-CH3 bonds. In IM8,
the CH3 group is closer to the Cα atom. The third step is the C-C coupling to form 3methyl-1-lanthanacyclobutane [La(CH2CH(CH3)CH2)] in two configurations (IM9 and
IM10). The metallacycle and the methyl group are in a chair configuration in IM9 but in
a boat configuration in IM10. The final step is the H2 elimination from two C(sp3)-H
bonds to form Iso A (IM10-Iso A).

As in the case of the Iso B formation, the

dehydrogenation involves the La insertion into the Cα(sp3)-H bond to form an inserted
species (IM11), a second insertion into a C(sp3-H) bond of the methyl group to form a
dihydrogen complex (IM12), and a concerted H2 elimination from IM12. The La + 1butene → Iso A reaction is exothermic by 36.5 kcal mol-1 and has no overall energy
barriers. The C-C cleavage and coupling in the formation of Iso A require more energies
(TS6 at 18.6 kcal mol-1 and TS8 at 40.7 kcal mol-1) than the C-H bond activations in the
Iso B formation (TS2 at 5.9 kcal mol-1 and TS4 at 16.4 kcal mol-1). Because of the higher
energy requirements, the formation of Iso A is kinetically less favorable than the
formation of Iso B. The less favorable kinetics may explain the weaker spectral signal of
Iso A even though it is predicted to be slightly more stable than Iso B.
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3.3.4 Formation of Iso B by La reaction with 2-butene
Because 2-butene used in our experiment is a mixture of the trans and cis forms,
we consider reaction paths for both La + trans-2-butene → Iso B (solid blue lines) and La
+ cis-2-butene → Iso B (solid red lines) (Figure 3.7 and Table 3.5). Similar to La + 1butene → Iso B, the La-mediated dehydrogenation processes of trans- and cis-2-butenes
involve the initial formation of a π complex (IM 13 or IM18); the activation of two
C(sp3)-H bonds in two methyl groups (IM13-IM16 or IM18-IM5), and the concerted H2
elimination from a dihydrogen complex (IM16-IM17 or IM15-IsoB). Both reactions are
thermodynamically favorable with exothermic energies ~ 32 kcal mol-1.

However,

several differences are predicted between the trans- and cis-2-butene reactions. After the
H2 elimination, the trans-2-butene reaction undergoes the isomerization of the
CH2CHCHCH2 fragment from the trans form in IM17 to the cis form in Iso B and the
shift of La binding positions from the middle to the terminal two carbons. IM17 is the
same as Iso C, which is about 10 kcal mol-1 higher than Iso B. Iso B could also be
formed by a reversed process, i.e., isomerization prior to dehydrogenation. But the
reversed process is expected to be less favorable, as demonstrated by the La-mediated
1,3-butadiene dehydrogenation where H2 elimination was found to occur before the trans
to cis isomerization.62 Moreover, the cis-2-butene reaction share two same intermediates
(IM4 and IM5) as those of the 1-butene reaction along the coordinates of the Iso B
formation. The energy barriers of the cis-2 butene reaction are lower than those of the
trans-2-butene reaction, suggesting that the cis form is kinetically more favorable than the
Iso B formation.
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3.3.5 Formation of Iso A by La reaction with isobutene
The La-mediated dehydrogenation of isobutene produces only Iso A.

The

predicted pathway for the formation of Iso A from the isobutene reaction also involves
the formation of a π complex, La insertion into to C(sp3)-H bonds, and H2 elimination.
These steps are similar to those for the formation of Iso B by the 1-butene or cis-2-butene
reaction (Figure 3.8 and Table 3.6). The reaction begins with the formation of the π
complex at -29.4 kcal mol-1 (IM20) and proceeds with the La insertion into one of the
C(sp3)-H bond in a CH3 group to form an inserted species (IM21). Prior to the activation
of another C(sp3)-H bond in the other CH3 group, the La-H bond in IM21 rotates to a
position where the metal-bound H atom is in the proximity of the remaining methyl group
and to form a new inserted species (IM11). After this point, the reaction coordinates are
the same as those of the second C(sp3)-H bond activation and the H2 elimination of the
dihydrogen complex (IM11-IM12-Iso A) in the La + 1-butene → Iso A reaction. The
overall reaction is barrierless and exothermic by 32.7 kcal mol-1.

3.4 Conclusions
The current work has reported the MATI spectra and formation of La(C4H6)
formed by the La-mediated dehydrogenation of 2-butene, and isobutene, and how they
compare with the one of La(C4H6) from the reaction of La + 1-butene. Different from the
spectrum of La(C4H6) formed in the 1-butene reaction that exhibits two band systems, the
spectra of La(C4H6) formed in the 2-butene and isobutene reactions both display a single
band system, and the former is attributed to La(CH2CHCHCH2) and the later to
La[C(CH2)3]. These are also the two isomers observed in the La + 1-butene reaction.
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The ground state of each isomer is a doublet state with a La-based 6s1 electron
configuration, and the lowest-energy state of the corresponding ion is a singlet state upon
the removal of the La 6s1 electron. Because of the non-bonding nature of the La 6s1
electron, ionization has a small effect on the geometry of the neutral state. Computations
suggest that the formation of the two isomers from the La-mediated H2 elimination of the
butenes share similar pathways. They consist of La addition to the C=C triple bond, La
insertion into C(sp3)-H bonds, and concerted dehydrogenation. However, the C-H bond
activation takes places after the C-C bond cleavage and coupling in the reaction of La +
1-butene to form La[C(CH2)3], while it occurs before the trans to cis isomerization in the
reaction of La + tran-2-butene reaction to form La(CH2CHCHCH2).
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Table 3.1: Geometric parameters of trimethylenelanthanum [La(C(CH2)3), Iso A], 1lanthanacyclopent-3-en [La(CH2CHCHCH2), Iso B], and (trans-butadiene)lanthanum
[La(trans-CH2CHCHCH2), Iso C] in various electronic states from the DFT/B3LYP
calculations.

Bond lengths are in Å and bond angles in degrees.

numbering is shown in Figure 3.3.
Parameter
La(C(CH2)3) (Iso A)
1
A1(C3v)
A1(C3v)
2.585
2.539
2.476
2.446
1.431
1.429
77.8
76.9
La(CH2CHCHCH2) (Iso B)
2
1
Aʹ (Cs)
Aʹ (Cs)
2.510
2.438
2.671
2.618
1.449
1.451
1.386
1.389
74.9
75.7
80.0
80.3
125.1
123.5
La(trans-CH2CHCHCH2) (Iso C)
2
1
A (C2)
A (C2)
2.523
2.469
2.627
2.549
1.405
1.410
1.435
1.431
32.3
33.2
77.8
76.5
2

La-C1
La-C2/C3/C4
C1-C2
La-C2-C1

La-C1/C4
La-C2/C3
C1-C2/C3-C4
C2-C3
C1-La-C4
La-C1-C2
C1-C2-C3

La-C2
La-C1
C2-C3
C1-C2
C2-La-C3
La-C2-C1
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Carbon atomic

Table 3.2: Point groups, electronic states, and relative energies (E, cm-1) of butene and
La(C4H6) isomers from B3LYP and CCSD(T)//B3LYP calculations. The energies of 1and 2-butenes are relative to that of isobutene, and the energies of 1-lanthanacyclopent-3ene

[La(CH2CHCHCH2)]

(Iso

B)

and

(trans-butadiene)lanthanum

[La(trans-

CH2CHCHCH2)] (Iso C) are relative to that of trimethylenemethanelanthanum
[La(C(CH2)3)] (Iso A).
Complex

Symmetry

State

EB3LYP

C2v

2

A1

0(0)

C2v

1

A1

41810(41008)

Cs

2

Aʹ

104(1050)

Cs

1

Aʹ

40268(40248)

C2

2

A

3674(4294)

C2

1

A

45468(44944)

1-butene

C1

1

A

1324(1386)

cis-2-butene

C2v

1

A1

589(849)

trans-2-butene

C2h

1

Ag

130(455)

isobutene

C2v

1

A1

0(0)

La(C(CH2)3) (Iso A)

La(cis-CH2CHCHCH2) (Iso B)

La(trans-CH2CHCHCH2) (Iso C)
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Table 3.3: Adiabatic ionization energies (AIEs, cm-1) and vibrational frequencies (cm-1)
of La(C(CH2)3) (Iso A) and La(CH2CHCHCH2) (Iso B) from MATI spectroscopy and
theoretical calculations. νn and νn+ are vibrational modes in the neutral and ionic states.
Complex MATI

B3LYP(CCSD(T))

Mode descriptiona

La(C(CH2)3) (Iso A), C3v, 1A1 ← 2A1
AIE

41264

41810 (41008)

v3+ , a1

958

975

C(CH2)3 deformation

v4+ , a1

900

924

CH2 wag

v6+ /v6 , a1

353/326

351/327

Symmetric La-ligand stretch

v18+ , e

240

234

Asymmetric La-ligand stretch

La(CH2CHCHCH2) (Iso B), Cs, 1Aʹ ← 2Aʹ
AIE

39418

40164 (39198)

v11+ , a'

470

492

Symmetric La-ligand stretch & terminal CH2 rock

+
v12
/v12 , a'

396/374

391/359

Symmetric La-ligand stretch & terminal CH2 rock

+
v13
/v13 , a'

318/289

309/279

C-H bend of middle C2H2 group

a

Carbon atomic numbering is shown in Figure 3.3.
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Table 3.4: Total energies (E, hartree) and relative energies (Erel, kcal mol-1) without and
with zero-point energy (ZPE) corrections of the intermediates (IMn) and transition states
(TSn) and imaginary frequencies (IMG, cm-1) of TSn along the La + 1-butene reaction
coordinates of the formation of La[C(CH2)3] (Iso A) and La(CH2CHCHCH2) (Iso B)
from the DFT/B3LYP calculations.
Species
La + 1-butene
IM1
IM2
IM3
IM4
IM5
IM6
IM7
IM8
IM9
IM10
IM11
IM12
TS1
TS2
TS3
TS4
TS5
TS6
TS7
TS8
TS9
TS10
TS11
Iso A+H2
Iso B+H2

IMG

89i
858i
260i
1054i
92i
496i
45i
517i
93i
828i
1099i

E
wo/ ZPE
-592.813306
-592.861982
-592.861049
-592.871560
-592.876986
-592.857351
-592.859000
-592.894170
-592.889947
-592.869052
-592.870506
-592.876865
-592.855627
-592.857590
-592.847825
-592.868281
-592.847822
-592.856829
-592.826559
-592.883894
-592.827146
-592.868147
-592.848276
-592.845690
-592.857096
-592.856323
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Erel
w/ ZPE
-592.705407
-592.757219
-592.756131
-592.771241
-592.776668
-592.759736
-592.754003
-592.794272
-592.790045
-592.765080
-592.766235
-592.777531
-592.758550
-592.752798
-592.746659
-592.768464
-592.750447
-592.752170
-592.724414
-592.783992
-592.725176
-592.764605
-592.747637
-592.748877
-592.763573
-592.763076

wo/ ZPE
0.0
-30.5
-30.0
-36.6
-40.0
-27.6
-28.7
-50.7
-48.1
-35.0
-35.9
-39.9
-26.6
-27.8
-21.7
-34.5
-21.7
-27.3
-8.3
-44.3
-8.7
-34.4
-21.9
-20.3
-27.5
-27.0

w/ ZPE
0.0
-32.5
-31.8
-41.3
-44.7
-34.1
-30.5
-55.8
-53.1
-37.4
-38.2
-45.3
-33.3
-29.7
-25.9
-39.6
-28.3
-29.3
-11.9
-49.3
-12.4
-37.1
-26.5
-27.3
-36.5
-36.2

Table 3.5: Total energies (E, hartree) and relative energies (Erel, kcal mol-1) without and
with ZPE corrections of the intermediates (IMn) and transition states (TSn) and
imaginary frequencies (IMG, cm-1) of TSn along the La + cis-2-butene and La + trans-2butne reaction coordinates of the formation of La(CH2CHCHCH2) (Iso B) from the
DFT/B3LYP calculations.
Species

IMG

E

Erel

wo/ ZPE

w/ ZPE

wo/ ZPE

w/ ZPE

La + cis-2-butene

-592.816207

-592.708758

1.2

1.3

La + trans-2-butene

-592.818172

-592.710849

0.0

0.0

IM13

-592.860966

-592.756229

-26.9

-28.5

IM14

-592.869563

-592.770348

-32.2

-37.3

IM15

-592.872228

-592.772867

-33.9

-38.9

IM16

-592.840604

-592.744634

-14.1

-21.2

IM17 + H2

-592.839805

-592.746820

-13.6

-22.6

IM18

-592.857740

-592.752926

-24.8

-26.4

IM19

-592.872146

-592.773021

-33.9

-39.0

IM4

-592.876986

-592.776668

-36.9

-41.3

IM5

-592.857351

-592.759736

-24.6

-30.7

TS12

906i

-592.844619

-592.743747

-16.6

-20.6

TS13

123i

-592.869549

-592.769924

-32.2

-37.1

TS14

1123i

-592.824944

-592.728880

-4.2

-11.3

TS15 + H2

196i

-592.803023

-592.711817

9.5

-0.6

TS16

886i

-592.845353

-592.744279

-17.1

-21.0

TS17

273i

-592.866115

-592.766669

-30.1

-35.0

TS4

1054i

-592.847822

-592.750447

-18.6

-24.8

-592.856323

-592.763076

-23.9

-32.8

Iso B+H2
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Table 3.6: Total energies (E, hartree) and relative energies (Erel, kcal mol-1) without and
ZPE corrections of the intermediates (IMn) and transition states (TSn) and imaginary
frequencies (IMG, cm-1) of TSn along the La + isobutene reaction coordinates of the
formation of La[C(CH2)3] (Iso A) from the DFT/B3LYP calculations.
Species

IMG

E

Erel

wo/ ZPE

w/ ZPE

wo/ ZPE

w/ ZPE

La + isobutene

-592.818668

-592.711440

0.0

0.0

IM20

-592.862522

-592.758275

-27.5

-29.4

IM21

-592.874123

-592.775083

-34.8

-39.9

IM11

-592.876865

-592.777531

-36.5

-41.5

IM12

-592.855627

-592.758550

-23.2

-29.6

TS18

904i

-592.847460

-592.747217

-18.1

-22.5

TS19

73i

-592.874110

-592.774833

-34.8

-39.8

TS11

1099i

-592.845690

-592.748877

-17.0

-23.5

-592.857096

-592.763573

-24.1

-32.7

Iso A+H2
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(a)

LaO(C4H8)

(b)

La
(c)

La(C4H6)

La(C8H14)

LaO

Figure 3.1. TOF Mass spectra of La + 1-butene (a), La + 2-butene (b), and La +
isobutene (c) reactions recorded with 240-250 nm photoionization.
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39418
470
374
289

396

41264

958

318

900
326
*1 *2 #2
#1

(b)

353
240

(a)

(c)

Figure 3.2. MATI spectra of La(C4H6) formed from La reactions with 1-butene (a, black),
2-butene (b, dark blue), and isobutene (c, dark red). Bands marked with “*1, #1, *2, and
#2” are combination bands.
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1

2

3

2

4

1

1

2

1
4
3

(c) trans-2-butene
4
1 2
3
(e) Iso A

4

(b) cis-2-butene

(a) 1-butene

3

3

1

2

2

4

(d) isobutene

3

4

(f) Iso B

1 2

3

4

(g) Iso C

Figure 3.3. Structures of the ground states of butene (a-d) and La(C4H6) (e-g) isomers.
Relative energies of these species are listed in Table 3.2.
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39418
374
289

318

470
396

41264

326
#2
*1 #1*2

958
900
240

353
(a)

(b)

(c)

(e)

(d)

Figure 3.4. MATI spectra of La(C4H6) produced from La reactions with 1-butene (a,
black), 2-butene (b, dark blue), and isobutene (c, dark red) and simulations of the 1A1 ←
2

A1 transition of La[C(CH2)3] (C3v) (Iso A) (d, blue) and the 1A′ ← 2A′ transition of

La(CH2CHCHCH2) (Cs) (Iso B) (e, red ) at 300 K.
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La + 1-butene

TS2

TS4

TS1
IM1

IM2

IM5
Iso B + H2

TS3
IM3
IM4

Figure 3.5. Reaction pathway and energy profile for the formation of La(C(CH2)3) (Iso A)
from the La + 1-butene reaction at the DFT/B3LYP level, where IMn stands for
intermediates and TSn transition states.
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La + 1-butene

TS6

TS8

TS10

TS5
IM1

TS11

IM6

IM12
Iso A + H2

TS9
IM9 IM10
IM11

TS7
IM7

IM8

Figure 3.6. Reaction pathway and energy profile for the formation of La(CH2CHCHCH2)
(Iso B) from the La + 1-butene reaction at the DFT/B3LYP level, where IMn stands for
intermediates and TSn transition states.
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La + cis-2-butene

TS15 + H2

La + trans-2-butene
TS14
TS12 TS16

IM16

IM17 + H2
TS4

IM18
IM13
IM14

Figure

3.7.

Reaction

IM5

TS17
TS13
IM19 IM15

pathways and

Iso B + H2

IM4

energy profiles for the formation of

La(CH2CHCHCH2) (Iso B) from the La + cis-2-butene reaction (red) and La + trans-2butene reactions at the DFT/B3LYP level, where IMn stands for intermediates and TSn
transition states.
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La + isobutene

TS18

TS11

IM20
TS19
IM21
IM11

IM12
Iso A + H2

Figure 3.8. Reaction pathway and energy profile for the formation of La[C(CH2)3] (Iso A)
from the La + isobutene reaction at the DFT/B3LYP level, where IMn stands for
intermediates and TSn transition states.
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CHAPTER 4. LATHANUM-MEDIATED DEHYDROGENATION OF 1- AND 2BUTYNES
4.1 Introduction
Butyne (C4H6) has four common linear isomers: 1-butyne (CH≡CCH2CH3),
2-butyne (CH2C≡CCH2), 1,3-butadiene (H2C=CHCH=CH2), and 1,2-butadiene
(H2C=C=CCH3). These isomers have been extensively studied with pyrolysis,164-166
photodissociation,167-169 and quantum chemical computations.170,
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The general

consensus from those studies is that isomerization takes place before a thermal or
photo-induced decomposition. Previous studies have also been reported on butyne
reactions with transition metal atoms. Davis and co-workers studied 2-butyne
reactions with early transition metal atoms (M =Y, Zr, Nb, Mo and Mo*) using the
crossed molecular beam technique.21 In their study, H2, CH4 and CH3 elimination
was observed for Y, competition between H2 and CH4 elimination for Zr, and Nb and
only H2 elimination for Mo and Mo*. Although the early transition atoms are quite
reactive toward 2-butyne, Mitchell and co-workers observed only a metal-ligand
adduct from the Ni + 2-butyne reaction.172 To investigate reaction mechanisms, Li et
al. and Ma et al. reported DFT calculations on Y and Nb reactions with 2-butyne.173,
174

The calculated potential energy profiles suggested that two possible isomers of

MC4H4 (M = Y and Nb) were M(HCCCCH3) and M(H2CCCCH2) formed
preferably by concerted H2 eliminations.
We recently reported the spectroscopic characterization of the La reaction with
one of the butyne isomers, 1,3-butadiene. We observed La(CnHn) (n =2, 4, and 6)
and La(CmHm+2) (m = 4 and 6) with TOF mass spectrometry and investigated the
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structures and formation of several species using MATI spectroscopy and
theoretical calculations.62 In the current work, we are going to report the La-mediated
activation of two other isomers, 1-butyne and 2-butyne, by focusing on the structural
identification and formation of the dehydrogenated species La(C4H4). The primary
motivation is to examine if La(C4H4) produced by La reactions with 1-butyne, 2butyne, and 1,3-butadiene has the same structure and if its formation involves an
isomerization as reported by previous pyrolysis and photodissociation studies. To
our knowledge, this is the first vibronic spectroscopic measurements of any metal
radicals formed by the C-H bond activation of 1- and 2-butynes.

4.2 Experimental and computational methods
The metal-cluster beam instrument used in this work consists of reaction and
spectroscopy vacuum chambers and was described in Section 2.1. Metal-hydrocarbon
reactions were carried out in a laser-ablation metal cluster beam source. For the reaction
of La with 1-butyne, 1-butyne (98+ %, Aldrich) was seeded in a He (99.998 %, Scott
Gross) carrier gas with a 1-butyne:He molar ratio of ~ 10-4 in a stainless steel mixing
cylinder. La atoms were generated by pulsed Nd:YAG laser (Continuum Minilite II, 532
nm, 1.0-1.5 mJ/pulse) ablation of a La rod (99.9%, Alfa Aesar) in the presence of the 1butyne/carrier gas mixture (40 psi) delivered by a home-made piezoelectric pulsed valve
(Physik Instrumente P-286.20). The metal atoms and gas mixture entered into a collision
tube (2 mm diameter and 2 cm length) and were then expanded into the reaction chamber,
collimated by a cone-shaped skimmer (2 mm inner diameter), and passed through a pair
of deflection plates. Ionic species in the molecular beam that were formed by laser
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ablation were removed by an electric field (100 Vcm-1) applied on a pair of deflection
plates, and neutral products were identified by photoionization TOF MASS
SPECTROMETRY. A separate experiment was carried out to confirm that 1-butyne was
activated by La rather than the ablation laser.

In this experiment, 1-butyne was

introduced 3 cm downstream of the laser ablation point. The reaction products from this
experiment were identical to those obtained from the experiment by passing the 1butyne/He mixture through the ablation region, though a higher 1-butyne concentration
was required to produce comparable ion intensities in the mass and MATI spectra.
Because it bypassed the ablation region, laser excitation played no role in the 1- butyne
activation. For the reaction of La with 2-butyne, 2-butyne (99 %, Sigma Aldrich), a
liquid at the room temperature, was introduced 3 cm downstream of the laser ablation
point, instead of premixed with the He gas. Prior to the MATI measurements, PIE
spectra of La(C4H4) were recorded to locate an approximate ionization threshold to guide
MATI scans. In the MATI experiment, La(C4H4) was excited to high-lying Rydberg
states in a single-photon process and ionized by a delayed pulsed electric field. The
excitation laser was the frequency doubled output of a tunable dye laser (Lumonics HD500), pumped by the third harmonic output (355 nm) of a Nd:YAG laser (Continuum
Surelite II). The laser beam was collinear and counter propagating with the molecular
beam. The ionization pulsed field (320 V cm-1) was generated by two high voltage pulse
generators (DEI PVX-4140) and delayed by ~ 20 μs from the laser pulse by a delayed
pulsed generator (SRS DG645). A small dc field (6.0 V cm-1) from a separate power
supply (GW INSTEK GPS-30300) was used to separate the ions produced by direct
photoionization from the MATI ions generated by the delayed field ionization. The
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MATI ion signal was obtained by scanning the wavelength of the tunable dye laser,
detected by a dual microchannel plate detector, amplified by a preamplifier (SRS SR445),
visualized by a digital oscilloscope (Tektronix TDS 3012), and stored in a laboratory
computer. Laser wavelengths were calibrated against titanium atomic transitions in the
MATI spectral region, and the calibration was done after recording the MATI spectra.144
The Stark shift on the AIE induced by the dc field was calculated using Equation 2.4.
Computationally, DFT/B3LYP was used to calculate the equilibrium geometries
and vibrational frequencies of various isomers of La(C4H4) and the free ligands. The
basis sets used in these calculations were 6-311+G(d,p) for C and H and the SDD for La.
We have extensively used the DFT/B3LYP method and found that this method generally
produced adequate results for spectral and structural assignments of organometallic
radicals. For each optimized stationary point, a vibrational analysis was performed to
identify the nature of the stationary point (minimum or saddle point). In predicting
reaction pathways, minima connected by a transition state were confirmed by intrinsic
reaction coordinate calculations. To refine the energies of the lowest doublet and singlet
states, CCSD(T) single-point energy calculations involving the third-order DKH
relativistic correction and at the DFT/B3LYP optimized geometries were carried out.
Basis sets used in the CCSD(T) calculations were aug-cc-pVTZ-DK for C and H, and ccpVTZ-DK3 for La. The DFT, calculations were performed with Gaussian 09 software
package, whereas the CCSD(T) calculations were carried out with MOLPRO 2010.1. To
compare with the experimental MATI spectra, multi-dimensional FCF were calculated
from the equilibrium geometries, harmonic vibrational frequencies, and normal
coordinates of the neutral and ionized complexes. Spectral simulations were obtained
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using the experimental line width and Lorentzian line shape. Transitions from excited
vibrational levels of the neutral complex were considered by assuming thermal excitation
at specific temperatures.

4.3 Results and discussion
4.3.1 TOF mass spectra and La-hydrocarbon species
Figure 4.1 displays the TOF mass spectra of the La + 1-butyne and La + 2-butyne
reactions recorded with 240 nm (41667 cm-1 or 5.166 eV) photoionization. The mass
spectra show that the same La-hydrocarbon species are produced from the two reactions,
which include La(CnHn) (n = 2 and 4) and La(CmHm+2) (m = 6 and 8). The most
prominent mass peak corresponding to a metal-hydrocarbon species is La(C4H4) formed
by H2 elimination of the free ligands. Other metal-hydrocarbon species are La(C2H2)
formed by C2H4 elimination, La(C6H8) possibly by La(C2H2) + C4H6, and La(C8H10) by
La(C4H4) + C4H6. A similarly predominant dehydrogenated species (e.g., Y(C4H4)) was
also observed by Davis’s group in their crossed-molecular-beam study of the Y + 2butyne reaction, although the C-C bond cleavage products (e.g., Y(C3H3) and Y(C3H2))
were different.21 Previously, we studied the La reaction with 1,3-butadiene and observed
a quite different product distribution.62 In the La + 1,3-butadiene reaction, La(C2H2) was
the most abundant species, while La(C4H4) was only a minor one. Moreover, a La(C4H6)
adduct was observed from the 1,3-butadiene reaction, which is absent from the butyne
reactions. The considerably different product distributions suggest that the formation of
the La- hydrocarbon radicals may take different pathways between the 1- and 2-butyene
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and 1,3- butadiene reactions.

This work focuses on the characterization of the

dehydrogenated species La(C4H4), which is observed in all three isomer reactions.

4.3.2 MATI spectra and isomers of La(C4H4)
The MATI spectra of La(C4H4) from the La + 1-butyne and 2-butyne reactions are
displayed in Figure 4.2 (a and b). Both spectra are essentially the same, and each consists
of two band systems. The first band system originates at 41000 (5) cm-1. To the blue of
this origin band, the spectrum shows a vibrational progression with up to three quanta of
a vibrational mode with 386 cm-1, as well as bands at 301 and 616 cm-1, and a band at
687 cm-1 (marked with “*”) that is likely a combination band formed from the mode at
301 and 616 cm-1. To the red, a weak band at 354 cm-1 is also observed. The second
band system exhibits the origin band at 41905 (5) cm-1, a vibrational progression of 326
cm-1 with up to two quanta, a weak band at 518 cm-1, and another weak band at 844 cm-1
(marked with “#”) that is likely a combination band of 326 and 518 cm-1. The two band
systems may arise from the ionization of one or two isomers. The same MATI spectra of
La(C4H4) produced from both reactions suggest that this species may be formed through
one or more common intermediates.

Figure 4.3 presents three possible isomers of

La(C4H4): La(η4-CH2CCCH2) (Iso A), La(η4-CH2CHCCH) (Iso B) and La(η3-CHCCCH3)
(Iso C), along with the two butynes, and Table 4.1 summarizes their geometric
information. In a simplistic view, Iso A may result from the 1,4-hydrogen elimination of
2-butyne, Iso B from the 3,4-hydrogen elimination of 1-butyne, and Iso C from either the
1,1-dehydrogenation of 2-butyne or the 3,3-dehydrogenation of 1-butyne. The C atomic
numbering of Iso B is different from that of the free ligand 1-butyne because the 3,4-
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dehydrogenated hydrocarbon should be named 1-buten-3-yne (rather than 1-butyn-3-ene)
according to the standard nomenclature.

At the CCSD(T)//B3LYP level, Iso A is

predicted to be the most stable isomer, followed by Iso B at 1057 cm-1 and Iso C at 4937
cm-1. For the free ligands, 2-butyne is predicted to be more stable than 1-butyne by 1711
cm-1. The calculated energy difference between the two butyne isomers is comparable to
the measured value of 1654 cm-1.164 For each of the three La(C4H4) isomers, the relative
energies and molecular point groups of low-energy spin states are summarized in Table
4.2. The most likely assignments for the two band systems are the 1A1 ← 2A1 transition
of Iso A and the 1A ← 2A transition of Iso B. These assignments are supported by the
excellent agreement between the measurements and computations, as shown in Table 4.3
and Figure 4.4. Table 4.3 lists the measured and calculated the AIEs and vibrational
frequencies, whereas Figure 4.4 compares the observed spectrum (a) and simulations (b
and c) of the singlet ← doublet transitions of the three isomers. The origin bands in the
simulations are aligned with those in the experimental spectrum (Figure 4.4a), but the
computed vibrational frequencies are unscaled in order to directly compare with the
experimental spectrum. The 1A1 ← 2A1 transition of Iso A (Figure 4.4b, blue trace)
matches nicely the band system originated at 41095 cm-1, and the 1A ← 2A transition of
Iso B (Figure 4.4b, red trace) reproduces the overall features of the band system
originated at 41000 cm-1. On the other hand, the 1A ← 2A transition of Iso C (Figure 4.4c)
does not match either of the two band systems; thus, this transition can be excluded from
the MATI spectrum. The spectral signal of Iso A is observed to be weaker than that of
Iso B even though the former is predicted to be slightly more stable than the latter (Table
4.2), similar to a recent study on the La-mediated dehydrogenation of propyne.57 At the
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first glance, the thermodynamic prediction is not consistent with the experimental
observation. However, spectral intensities depend not only on the relative abundance of
the two isomers in the molecular beams but also the square of the transition moment
integrals. Additionally, the relative abundance of the two isomers may be influenced by
the pathways of the isomer formation. For the 41905 cm-1 band system, the 326 cm-1
progression and the 518 cm-1 interval are attributed to the La+-C1,4 (ν 7+ ) and La+-C2,3
( ν 6+ ) stretching vibrations in the 1A1 ion state of Iso A, respectively.

The higher

frequency of the La+-C2,3 stretch than that of the La+-C1,4 stretching is consistent with
the shorter La+-C2,3 bonds (2.398 Å) than the La+-C1,4 bonds (2.542 Å) (Table 4.1). For
the 41000 cm-1 band system, the 386 cm-1 progression above the origin band is assigned
to a La+-C2,4 stretch coupled with a C-H out-of-plane bend (ν 19+ ) excitation, the 301 and
616 cm-1 intervals are attributed to a La+-C1,4 stretch (ν 20+ ) and a C2C3C4 bend coupled
with a CH2 rock (ν 15+ ) in the 1A ion state of Iso B. The 354 cm-1 band below the origin
band is due to the thermal excitation of the La-C2,4 stretching mode (ν 19 ) in the 2A
neutral state. In addition to these bands, the simulation of the 41000 cm-1 band system
shows very weak transitions at 516 and 901 cm-1. The 516 cm-1 transition is too weak to
be definitely identifiable in the experimental spectrum, although the spectrum may
indicate a weak, broad signal around 510 cm-1. The 901 cm-1 transition overlaps with the
origin band of the 41905 cm-1 system. The increased metal-ligand stretching frequency
from ν 19 to ν 19+ is due to the enhanced metal-ligand bonding induced by additional
charge-multiple interactions in the 1A ion state. For both isomers, the MATI band
systems exhibit short FC profiles because ionization removes a La-based 6s1 electron.
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The experimental and theoretical AIEs and vibrational frequencies for the two isomers
are summarized in Table 4.3. It is clear from the table that the computed values are
generally in very good agreement with the measured values. The computational errors on
the AIEs are ~ 800 cm-1 (or ~ 2%) at the B3LYP level and ~ 200 cm-1 (or ~ 0.5%) at the
CCSD(T)//B3LYP level. The theoretical frequencies also agree reasonably well with the
experimental frequencies, with errors of 0-16 cm-1 (or 0- 5%) at the B3LYP level.

4.3.3 Formation of La(η4-CH2CCCH2) and La(η4-CH2CHCCH)
Figures 4.5 and 4.6 present the DFT/B3LYP computed stationary points for the
formation of La(η4-CH2CCCH2) (Iso A) and La(η4-CH2CHCCH) (Iso B) from the H2
elimination of 1-butyne and 2-butyne, respectively.

These stationary points include

reactants, intermediates (IMn), transition states (TSn), and products in their doublet spin
states. Energies of the stationary points are also reported in Table 4.4. We focus on the
concerted H2 elimination because previous studies have shown that step-wise
dehydrogenation paths are less favorable for the metal atom-mediated dehydrogenation of
small alkenes and alkynes.57, 59-62
The dehydrogenation of 1-butyne takes three major steps to form Iso B (Figure
4.5, black trace). The initial step is the formation of a π-complex (La(η2-CHCCH2CH3),
IM1) through a La addition to the C≡C triple bond. The π-complex has a metallacyclic
structure (i.e., lanthanacyclopropene). Upon the La addition, the C≡C triple bond of 1butyne is elongated (by 0.14 Å) and becomes a double bond due to a loss of the π
character between the two C atoms. The change from C≡C to C=C is also evident from
the bending of the butynylic H atom. A molecular orbital analysis reveals that the
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unpaired pπ electron on each of the two C atoms is paired with a La 5d electron to form a
La-σ bond.

The resultant metallacyclopropene is the most stable species along the

dehydrogenation pathway and is 52.4 kcal mol-1 more stable than the La + 1-butyne
reactants (Table 4.4). The stabilization energy from La + 1-butyne to IM1 is similar to
that of the corresponding propyne addition (52.3 kcal mol-1),57 but it is much larger than
that of the propene addition (29.7 kcal mol-1).60

Alkynes are generally better

electrophiles due to their lower-energy empty C pπ orbitals and tend to have stronger
back electron donations than alkenes, which lead to shorter La-C bonds (~ 2.29 Å) in the
lanthanacyclopropenes than those in the lanthanacyclopropanes (~ 2.38 Å). The second
step (from IM1 to IM4) is the activation of a C(sp3)-H bond of the CH2 group in the β
position. The C(sp3)-H bond activation via TS1 involves a CH2 group rotation to bring a
H atom to the proximity of the La atom (IM2). The associated C-H bond of the CH2 in
IM2 is elongated (by 17%) compared to the same bond in IM1, and the H atom in the
elongated C-H bond continues to migrate toward the La atom to form a La-H bond (IM3).
IM3 is less stable than IM1 because the metal-hydrogen bond is weaker than the C-H
bond. Following the formation of the La-H bond, the La-bound H atom in IM3 rotates
away from the –CHCH3 group to free up a space for a second C-H bond activation (IM4).
The rotational barrier (TS3) is small (1.2 kcal mol-1). Along with the C(sp3)-H bond
activation of the CH2 group, the activation of the butynylic C(sp)-H bond could also
occur. However, a C(sp)-H bond is stronger than a C(sp3)-H bond, and its activation is
thermodynamically less favorable. The third step is the concerted H2 elimination via the
activation of a C(sp3)-H bond in the methyl group (TS4) and the formation of a
dihydrogen complex (IM5). Because it is very weakly bound with the La atom, the
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removal of the H2 molecule from the metal atom has no energy barrier. In addition to the
activation of a methyl C-H bond, the second C-H bond activation could also occur in the
β position of IM4 because this bond is in a closer vicinity to the La atom than the methyl
C-H bond. However, the orbital character of the β carbon atom is changed from sp3 to
sp2 after the first C-H bond cleavage, and a C(sp2)-H bond is stronger than a C(sp3)-H
bond, making the C(sp2)-H bond activation less favorable. The whole process of the H2
elimination of 1-butyne has no energy barriers and is exothermic by 40.0 kcal mol-1.
Because the energy barriers (TS1-TS4) are so low compared to the total energy of the
reactants La + 1-butyne, all intermediates (IM1-IM5) tend to be converted to the products.
This may explain why no intermediates (including the most stable π-complex) were
observed in our experiments even though they are more stable than the products. The
current observation is similar to our previous studies of La reactions with ethylene,
propene, and propyne.57, 59, 60
The formation of Iso A is more complicated due to the involvement of 1-butyne to
1,2-butadiene isomerization, which could precede the dehydrogenation (Figure 4.5, black
+ red traces) or vice versa (Figure 4.5, black + blue traces). In the first scenario, 1-butyne
is isomerized to 1,2- butadiene via the H shift from C3 to C1, followed by the concerted
H2 elimination from C3 and C4. The isomerization begins with the La addition (IM1)
and insertion (IM2, IM3) as discussed above. From the inserted intermediate IM3, the
La-bound H atom rotates to the vicinity of C1 (IM6) and then departs from La to connect
with C1 to form La-(1,2-butadiene) (IM7). The La-H bond rotational barrier (TS5) is
again small (< 1.0 kcal mol-1), and the energies of IM3 and IM6 are similar because there
is no bond formation or cleavage between the two intermediates. On the other hand, the
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barrier of the H shift from La to C1 is substantial (15.5 kcal mol-1) due to the cleavage of
the La-H bond. The resultant intermediate IM7 is a π-complex formed by La addition to
1,2-butadiene, which completes the process of the 1-butyne to 1,2-butadiene
isomerization. From IM7, Iso A is formed by the dehydrogenation of 1,2-butadiene. The
dehydrogenation involves the La insertion into the C3-H bond to form IM8, the La-bound
H rotation to form IM9, the second La insertion into a C4-H bond to form a dihydrogen
complex (IM10), and the concerted H2 elimination from the dihydrogen species to form
Iso A. The reaction pathway from La(1,2-butadiene) (IM7) to Iso A is similar to that
from La(1-butyne) (IM1) to Iso B, as both involve the β-H migration, H rotation, C(sp3)H activation, and concerted H2 elimination.

The whole process (isomerization +

dehydrogenation) has no energy barriers and is exothermic by 43.8 kcal mol-1. In the
second scenario, Iso A is formed by the isomerization of Iso B (Figure 4.5, blue). In this
case, the H shift occurs after the dehydrogenation of 1-butyne and encounters a
substantially higher energy barrier (TS10). The second scenario is thus kinetically less
favorable than the first one where the isomerization precedes the H2 elimination. The
reaction pathways described above involve the La-C bond formation or breakage in
several intermediates. Whether a La-C bond is formed or broken in an intermediate is
largely correlated with the coordination number of the relevant C atoms. For example, in
IM2 C1-C2 is predicted to be close to a double bond (1.318 Å) and C2-C3 to a single
bond (1.422 Å). To satisfy the usual coordination number (4) of a C atom, a bond is
expected to form between La and each of the C1 and C2 atoms. The predicted metalcarbon distances are 2.346 Å for La-C1 and 2.433 Å for La-C2. On the other hand, both
C1-C2 (1.286 Å) and C2-C3 (1.341 Å) in IM3 may be considered double bonds. Because

81

it is already coordinately saturated, the C2 atom is unable to accommodate an additional
bond, resulting in the La-C2 bond cleavage. The weakened interaction between La and
C2 is also evident from the elongated La-C2 distance from 2.433 Å in IM2 to 2.623 Å in
IM3. Similar La-C bond formation or breaking in other intermediates could also be
understood by considering the carbon coordination number.
The formation of Iso A through the H2 elimination of 2-butyne is similar to the
formation of Iso B via the dehydrogenation of 1-butyne (Figure 4.6, red trace).

It

involves the addition of La to the C≡C bond to form a π-complex (IM12), the activation
of a C-H bond of the methyl group (IM12-IM14), the rotation of the La-H bond (IM14IM9), and the C-H bond activation of another methyl group followed by concerted H2
elimination (IM9-IM10-Iso A + H2). The last few steps (IM9-IM10-Iso A +H2) are
identical to those of the Iso A formation from 1-butyne. The whole process has no
energy barriers and is exothermic by 43.8 kcal mol-1. Two pathways for the formation of
Iso B from 2-butyne are also similar to those of Iso A from 1-butyne. The first one
(Figure 4.6, red + black traces) involves the isomerization of 2-butyne to 1,2-butadiene
(IM12- IM7) via the H shift from C1 to C3 (or C4 to C2) and the concerted H2 removal
from 1,2-butadiene (IM7-Iso B + H2). The dehydrogenation of 1,2-butadiene consists of
the La insertion into a C1-H bond of the methylene group (IM7-IM6), the La-H bond
rotation (IM6-IM3-IM4), and the second La insertion into a C4-H bond of the methyl
group (IM4-IM5) followed by the H2 elimination to Iso B + H2 from IM5. The reaction
path from IM7 to IM3 is the reversal of the formation of Iso A from 1-butyne (which is
from IM3 to IM7), while the path from IM3 to Iso B is identical to the formation of Iso B
from 1-butyne. The second pathway involves the isomerization of Iso A to Iso B through
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a H migration from C1 to C3 (Figure 4.6, blue trace), which is the opposite to the
isomerization of Iso B to Iso A in the 1-butyne reaction (Figure 4.5, blue trace). Again,
the Iso A → Iso B isomerization is kinetically less favorable than 2-butyne → 1,2butadiene because of the higher energy barriers.
The common intermediate for the formation of Iso A in the 1-butyne reaction and
Iso B in the 2-butyne reaction is La(1,2-butadiene) (IM7). The isomerization of 1- and 2butyne to 1,2- butadiene may explain the observation of the same products from the La
reactions with both butynes. The La + 1- and 2-butyne reactions are different from the
La + 1,3-butadiene reaction, where only Iso B is observed and dehydrogenation does not
involve the 1,3-butadiene → 1,2-butadiene isomerization.62
The 1- and 2-butyne → 1,2-butadiene isomerization was also reported by the
previous thermal decomposition studies of the two butynes.164-166 In those studies, the
fast isomerization of the butynes was proposed to take place before their decomposition.
However, the isomerization mechanisms are different: It is induced by the metal
mediation in the current work, while it took place through resonant radicals in the thermal
decomposition.

4.4 Conclusions
The current work has reported the MATI spectroscopy and formation of La(C4H4)
formed by the metal-mediated dehydrogenation of 1- and 2-butynes. The MATI spectra
of La(C4H4) formed in both reactions exhibit the same two band systems, which are
assigned to the ionization of two isomers: La(η4-CH2CCCH2) (C2v) and La(η4CH2CHCCH) (C1). The MATI measurements yield AIEs and metal-ligand stretching and
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ligand-based bending frequencies for the two isomers. The ground state of each isomer is
a doublet state with a La-based 6s1 electron configuration, and the lowest-energy state of
the corresponding ion is a singlet state upon the removal of the La 6s1 electron. Because
of the non-bonding nature of the La 6s1 electron, ionization has a very small effect on the
geometry of the neutral state. Computed reaction paths and energy profiles suggest that
the formation of the two isomers from the metal-mediated H2 elimination of 1- and 2butynes share similar pathways. They consist of the initial addition of La to the C≡C
triple bond, the H atom shift from C(sp3) to La, and the concerted H2 elimination for the
formation of La(η4-CH2CCCH2) from 2-butyne and La(η4-CH2CHCCH) from 1-butyne.
Moreover, the isomerization of 1- and 2-butyne to 1,2-butadiene is involved in the
formation of La(η4-CH2CCCH2) from 1-butyne and La (η4-CH2CHCCH) from 2-butyne.
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Table 4.1: Geometric parameters of the the La(η4-CH2CCCH2), La(η4-CH2CHCCH), and
La(η3-CHCCCH3) complexes in different electronic states from DFT/B3LYP calculations.
Bond lengths are in the unit of Å and bond angles or dihedral angles are in the unit of
degrees. The carbon numbering are shown in Figure 4.3.
Parameter
C1-C2/C3-C4
C2-C3
La-C1/La-C4
La-C2/La-C3

La(η4-CH2CCCH2) (Iso A)
2
1
A1
A1
1.416
1.411
1.248
1.252
2.597
2.542
2.449
2.398

C1-C2
C2-C3
C3-C4
La-C1
La-C2
La-C3
La-C4
C1-C2-C3
C2-C3-C4
C1-C2-C3-C4

La(η4-CH2CHCCH) (Iso B)
2
1
A
A
1.452
1.449
1.364
1.364
1.300
1.297
2.568
2.519
2.580
2.534
2.490
2.438
2.469
2.409
123.7
122.1
152.0
151.2
-57.1
-55.0

C1-C2
C2-C3
C3-C4
La-C1
La-C2
La-C3
C4-C3-C2
C4-C3-C2-C1

La(η3-CHCCCH3) (Iso C)
2
A
1.324
1.312
1.499
2.384
2.450
2.423
134.0
140.1
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1

A
1.325
1.306
1.493
2.309
2.409
2.377
138.9
139.0

Table 4.2: Point groups, electronic states, and relative energies (Erel, cm-1) of the La(η4CH2CCCH2), La(η4-CH2CHCCH), and La(η3-CHCCCH3) complexes and the free ligands
from DFT/B3LYP and CCSD(T)//B3LYP calculations.
Complex

Point Group

1-butyne

Cs

1

2-butyne

D3h

1

La(η4-CH2CCCH2)

C2v

2

A1

0(0)

(Iso A)

C2v

1

A1

42749(41749)

La(η4-CH2CHCCH)

C1

2

A

1329(1057)

C1

1

A

43120(41870)

C1

2

A

4815(4937)

C1

1

A

47410(46601)

(Iso B)
La(η3-CHCCCH3)
(Iso C)
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State

EB3LYP(CCSD(T))

A′

2301(1711)

A1′

0(0)

Table 4.3: Adiabatic ionization energies (AIEs, cm-1) and vibrational frequencies (cm-1)
of the La(η4-CH2CCCH2) (C2v), and La(η4-CH2CHCCH) (C1) complexes from MATI
spectroscopy and DFT/B3LYP and CCSD(T)//B3LYP calculations. νn and νn+ are
vibrational modes in the neutral and ion states.
Modes

MATI

Mode descriptiona

B3LYP
[CCSD(T)//B3LYP]

La(η4-CH2CCCH2) (Iso A) (1A1←2A1)
AIE

41905

42749(41749)

v6+

518

515

La-C2C3 stretch

v7+

326

323

La-C1C4 stretch

La(η4-CH2CHCCH) (Iso B) (1A ←2A)
AIE

41000

41791(40813)

v15+

616

626

C1C2C3 bend & CH2 rock

v19+ / v19

386/354

386/348

La-C1C3 stretch & C-H out-of-plane bend

+
v20

301

285

La-C1C4 stretch

a

Carbon atomic numbering is shown in Figure 4.3.
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Table 4.4: Total energies (E, hartree), and relative energies (Erel, kcal mol-1) before and
after ZPE correction, and the imaginary frequencies (IMG, cm-1) of the intermediates and
transition states for the reactions of La with 1- and 2-butyne from DFT/B3LYP
calculations.
Species

La + 1-butyne
IM1
IM2
IM3
IM4
IM5
IM6
IM7
IM8
IM9
IM10
IM11 + H2
TS1
TS2
TS3
TS4
TS5
TS6
TS7
TS8
TS9
TS10 + H2
TS11 + H2
Iso A+H2
Iso B+H2

IMG

177i
688i
232i
1226i
162i
775i
632i
170i
1340i
1077i
977i

E
La + 1-butyne
wo/ ZPE
-591.564145
-591.647350
-591.615437
-591.635574
-591.637751
-591.615338
-591.637473
-591.633270
-591.638066
-591.643091
-591.620110
-591.581017
-591.619491
-591.619039
-591.636333
-591.600818
-591.634022
-591.613239
-591.622008
-591.637567
-591.594660
-591.544764
-591.554915
-591.619704
-591.614006
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w/ ZPE
-591.479751
-591.563242
-591.540543
-591.558082
-591.561198
-591.541314
-591.560984
-591.551503
-591.561203
-591.566872
-591.547536
-591.519454
-591.538142
-591.534759
-591.556909
-591.527411
-591.557517
-591.536084
-591.545038
-591.561357
-591.521664
-591.481907
-591.492318
-591.549561
-591.543503

Erel
wo/ ZPE
0.0
-52.2
-32.2
-44.8
-46.2
-32.1
-46.0
-43.4
-46.4
-49.5
-35.1
-10.6
-34.7
-34.4
-45.3
-23.0
-43.8
-30.8
-36.3
-46.1
-19.1
12.2
5.8
-34.9
-31.3

w/ ZPE
0.0
-52.4
-38.1
-49.2
-51.1
-38.6
-51.0
-45.0
-51.1
-54.7
-42.5
-24.9
-36.6
-34.5
-48.4
-29.9
-48.8
-35.3
-41.0
-51.2
-26.3
-1.4
-7.9
-43.8
-40.0

Table 4.4 (continued):
Species

La + 2-butyne
IM12
IM13
IM14
IM9
IM10
IM8
IM7
IM6
IM3
IM4
IM5
IM11 + H2
TS12
TS13
TS14
TS9
TS8
TS7
TS6
TS5
TS3
TS4
TS11 + H2
TS10 + H2
Iso A + H2
Iso B + H2

IMG

177i
688i
232i
1340i
170i
632i
775i
162i
77i
1226i
977i
1077i

E
La + 2-butyne
wo/ ZPE
-591.570429
-591.651699
-591.619862
-591.637873
-591.643091
-591.620110
-591.638066
-591.633270
-591.637473
-591.635574
-591.637751
-591.615338
-591.581017
-591.619491
-591.619039
-591.636333
-591.594660
-591.637567
-591.622008
-591.613239
-591.634022
-591.633693
-591.600818
-591.554915
-591.544764
-591.619704
-591.614006
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w/ ZPE
-591.486642
-591.568154
-591.540543
-591.561144
-591.566872
-591.547536
-591.561357
-591.551503
-591.560984
-591.558082
-591.561198
-591.541314
-591.519454
-591.538142
-591.539051
-591.560060
-591.521664
-591.561203
-591.545038
-591.536084
-591.557517
-591.556909
-591.527411
-591.492318
-591.481907
-591.549561
-591.543503

Erel
wo/ ZPE
0.0
-51.0
-31.0
-42.3
-45.6
-31.2
-42.4
-39.4
-42.1
-40.9
-42.2
-28.2
-6.6
-30.8
-30.5
-41.4
-15.2
-42.1
-32.4
-26.9
-39.9
-39.7
-19.1
9.7
16.1
-30.9
-27.3

w/ ZPE
0.0
-51.1
-33.8
-46.7
-50.3
-38.2
-46.9
-40.7
-46.6
-44.8
-46.8
-34.3
-20.6
-32.3
-32.9
-46.1
-22.0
-46.8
-36.6
-31.0
-44.5
-44.1
-25.6
-3.6
3.0
-39.5
-35.7

(a)

(b)

La(C10H12)

La(C8H10)

La(C4H4)

LaO

La(C2H2)

La(C6H8)

La

Figure 4.1. TOF Mass spectra of La + 1-butyne (a), and La + 2-butyne (b) reactions at
240 nm ionization wavelength.
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Figure 4.2. MATI spectra of La(C4H4) from the reaction of La with 1-butyne (a) and 2butyne (b).
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Figure 4.3. Structures of 1- and 2-butyne and their relative energies (cm-1, a, b), and
La[η4-(1,2,3-butatrene)] (c), La[η4-(1-buten-3-yne)] (d), and La(η3-CHCCCH3) (e) and
their relative energies (cm-1).
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Figure 4.4. MATI spectra of La(C4H4) from the reactions of La with 1-butyne (a) and 2butyne (b), and simulated spectra from the 1A ← 2A transition of La[η4-(1-buten-3-yne)]
(c), the 1A1 ← 2A1 transition of La[η4-(1,2,3-butatrene)] (d), and the 1A ← 2A transition
of La(η3-CHCCCH3) (e) at 200 K.
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La+1-butyne

TS10+H2
TS11+H2

IM11+H2

TS4
TS1

TS2

TS6

IM2

IM5
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IM3 TS5
IM1

TS9

Iso B+H2
TS7

IM10

IM7
IM6
IM4

IM8

Iso A+H2

TS8
IM9

Figure 4.5. Reaction pathways and energy profiles for the formation of Iso A and Iso B
of La(C4H4) from the reactions of La with 1-butyne at the DFT/B3LYP level, where IMn
stands for intermediates and TSn transition states.
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Figure 4.6. Reaction pathways and energy profiles for the formation of Iso A and Iso B
of La(C4H4) from the reactions of La with 2-butyne at the DFT/B3LYP level, where IMn
stands for intermediates and TSn transition states.
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CHAPTER 5. LANTHANUM-MEDIATED C-H AND C-C BOND ACTIVATION
OF 1-PENTENE AND 2-PENTENE
5.1 Introduction
Pentene reactions with transition metal ions have been extensively investigated
with various mass-spectrometry based measurements.5,

153-155, 160, 175-178

The general

observations from these reactions are the preference of dehydrogenation, often multiple,
by early transition or lanthanide ions (e.g., Sc+, Ti+, V+, Nb+, Mo+, W+, Gd+, Pr+) and the
inclination of losses of ethylene and propene by later transition ions (e.g., Fe+, Co+, Ni+).
Despite the extensive early studies, electronic spectroscopy of metal-hydrocarbon species
formed in such reactions is unknown, which could be used to probe state-specific
structures and energetics of these reactive species that are critical for better understanding
metal-mediated C-H and C-C bond activation. Spectroscopic measurements of metalhydrocarbon species formed through bond cleavage and coupling meet substantial
challenges because the reactive species are often produced with a low number density
and in electronically open shells. Although quantum chemical calculations can be used to
predict the structures and electronic states for such species, a reliable prediction of lowenergy electronic states and molecular structures of transition-metal or f-block
organometallic species is complicated by multiple low-energy structural isomers of each
species and many low-energy states or spin-orbit levels of each isomer. Therefore,
spectroscopic measurements on such reactions are still necessary.
We have carried out MATI spectroscopic measurements of La reactions with
ethylene,59 propene,60, 61 and butenes, we investigated the structures and formation of Lahydrocarbon radicals formed by dehydrogenation, metal insertion, and C-C bond
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cleavage and coupling reactions.

For the La + ethylene reaction, we observed

lanthanacyclopropene [La(CHCH)] from dehydrogenation and lanthanacyclopentene
[La(CH2CHCHCH2)] from C-C bond coupling. For the propene reaction, we identified
two isomers of La(C3H4) as methyl-lanthanacyclopropene [La(CHCCH3)]

and

lanthanacyclobutene [La(CHCHCH2)] from dehydrogenation, La(C3H6) as H-La(η3-allyl)
from La insertion, La(CH2) as a Schrock-type metal carbene from C-C bond cleavage,
and two isomers of La(C4H6) as lanthanacyclopentene [La(CH2CHCHCH2)] and
trimethylenemethanelanthanum [La(C(CH2)3)] from C-C bond coupling. For the butene
reactions, we identified the two isomers of La(C4H6) from the hydrogenation of 1-butene,
which are the same as those from the C-C coupling of propene, but only a single isomer
from the dehydrogenation of either 2-butene or isobutene. Hereby, we report the MATI
spectroscopy and formation of La-hydrocarbon species formed by the dehydrogenation
and C-C bond cleavage of 1-pentene and 2-pentene. To our knowledge, this is the first
vibronic spectroscopic measurements of metal radicals formed by the C-H and C-C bond
activation of pentenes.

5.2 Experimental and computational methods
The metal-cluster beam instrument used in this work consists of reaction and
spectroscopy vacuum chambers and was described in Section 2.1. Metal-hydrocarbon
reactions were carried out in a laser-ablation metal cluster beam source. 1-pentene (≥
98.5 %, Aldrich) or 2-pentene (cis and trans mixture, 99%, Aldrich) was seeded in a He
(99.998 %, Scott Gross) carrier gas with a pentene:He molar ratio of ~ 10-4 in a stainless
steel mixing cylinder. La atoms were generated by pulsed-laser (Nd:YAG, Continuum
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Minilite II, 532 nm, ~2.0 mJ/pulse) ablation of a La rod (99.9%, Alfa Aesar) in the
presence of the pentene/carrier gas mixture (40 psi) delivered by a home-made
piezoelectric pulsed valve (Physik Instrumente P-286.20). The metal atoms and gas
mixture entered into a collision tube (2 mm diameter and 2 cm length) and were then
expanded into the reaction chamber, collimated by a cone-shaped skimmer (2 mm inner
diameter), and passed through a pair of deflection plates. Ionic species in the molecular
beam that were formed by laser ablation were removed by an electric field (100 V cm-1)
applied on the deflection plates, and masses of neutral products were measured with
photoionization TOF mass spectrometry.
Prior to the MATI measurements, PIE spectra were recorded to locate an
approximate ionization threshold to guide MATI scans. In the MATI experiment, metalhydrocarbon radicals were excited to high-lying Rydberg states in a single-photon
process and ionized by a delayed pulsed electric field. The excitation laser was the
frequency doubled output of a tunable dye laser (Lumonics HD-500), pumped by the
third harmonic output (355 nm) of a Nd:YAG laser (Continuum Surelite II). The laser
beam was collinear and counter propagating with the molecular beam. The ionization
pulsed field (320 V cm-1), which was also used for accelerating ions into the field free
region, was generated by two high voltage pulse generators (DEI PVX-4140) and delayed
by ~ 20 µs from the laser pulse by a delayed pulsed generator (SRS DG645). A small dc
field (6.0 V cm-1) from another power supply (GW INSTEK GPS-30300) was used to
separate the ions produced by direct photoionization from the MATI ions generated by
delayed field ionization. The MATI ion signal was obtained by scanning the tunable dye
laser, detected by a dual microchannel plate detector, amplified by a preamplifier (SRS
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SR445), visualized by a digital oscilloscope (Tektronix TDS 3012), and stored in a
laboratory computer. Laser wavelengths were calibrated against titanium atomic
transitions in the MATI spectral region, and the calibration was done after recording the
MATI spectra.144 The Stark shift on the adiabatic ionization energy (∆AIE) induced by
the dc field (Ef) was calculated using Equation 1.3.
DFT/B3LYP was used to calculate the equilibrium geometries and vibrational
frequencies of La(C5H8), La(C2H2), and the free ligands. The basis sets used in these
calculations were 6-311+G(d,p) for C and H and SDD for La. No symmetry restrictions
were imposed in initial geometry optimizations, but appropriate point groups were used
in subsequent optimizations to help identify electronic symmetries. For each optimized
stationary point, a vibrational analysis was performed to identify the nature of the
stationary point (minimum or saddle point). Energy minima connected by a transition
state were confirmed by intrinsic reaction coordinate calculations. To refine the energies
of the electronic states, single-point energy calculations were carried out with the
CCSD(T) method. These calculations involve the third-order DKH relativistic correction
and were at the DFT/B3LYP optimized geometries. Basis sets used in the CCSD(T)
calculations were cc-pVTZ-DK for C and H and cc-pVTZ-DK3 for La.

The DFT

calculations were performed with Gaussian 09 software package, whereas the CCSD(T)
calculations were carried out with MOLPRO 2010.1.
To compare with the experimental MATI spectra, multi-dimensional FCF were
calculated from the equilibrium geometries, harmonic vibrational frequencies, and
normal coordinates of the neutral and ionized complexes. Spectral simulations were
obtained using the experimental line width and Lorentzian line shape. Transitions from
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excited vibrational levels of the neutral complex were considered by assuming thermal
excitation at specific temperatures.

5.3 Results and discussion
5.3.1 TOF mass spectra and La-hydrocarbon species
Figure 5.1 displays the TOF mass spectra of La reactions with 1-pentene (a) and
2-pentene (b). The mass spectra from the two pentene reactions are essentially the same
and show a predominant product La(C5H8), a significant amount of La(C10H18), two
minor species La(C2H2) and La(C3H4), and LaO and La2C. LaO could be formed by La
reactions with oxygen that is present in the carrier gas as an impurity or by laser
vaporization of La oxide impurity in the La rod, whereas the La2C could be associated
with La reactions with diffusion pump oil. La(C5H8) is formed by the loss of H2 from
pentenes, and La(C2H2) and La(C3H4) are formed by the C-C cleavage of the pentene
molecules with the loss of propane or ethane. La(C10H18) is presumably an adduct
formed by the reaction of La(C5H8) with a second pentene molecule (i.e.,
La(C5H8)(C5H10)). The observation of predominating H2 loss is similar to previous
studies on pentene reactions with early transition metal ions, except that the metal ionmediated reactions yielded two or more H2 losses.5, 155, 160 In the following subsections,
we will discuss the MATI spectra and formation of La(C5H8) and La(C2H2). We also
attempted MATI measurements on La(C3H4) and La(C10H18) but were not successful in
obtaining sharp spectra. The failure of the MATI measurement on La(C3H4) is largely
due to the extremely low number density of this species, as sharp spectra were recorded
for the species of the same stoichiometry formed in the La reaction with propene.60 The
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reason for lack of MATI spectrum of La(C10H18) is less clear. However, it could be due
to a large geometry change upon ionization that leads to FC transitions with a weak
origin band and weak signals for vibronic bands at low vibrational quanta, an unfavorable
case for a MATI experiment. It could also be due to photon-induced dissociation of the
complex.

5.3.2 MATI spectroscopy, structure, and formation of La(C5H8)
MATI spectra of La(C5H8) formed by the La reactions with 1-pentene and 2pentene are essentially the same as shown in Figure 5.2, though the spectrum from the 1petene reaction (Figure 5.2a) has a slightly better signal to noise ratio than that from the
2-pentene reaction. Both spectra exhibit a strong origin band at 38984 (5) cm-1 and
several weak bands. The weak transitions at higher energy side of the origin band consist
of 410 and 290 cm-1 progressions, each with up to two vibrational quanta, as well as 165
and 130 cm-1 bands, and those at the lower energy side include 402, 268, 156, and 128
cm-1 bands. Transitions marked with “*” and “#” are combination bands of 410 + 130
cm-1 and 410 + 290 cm-1, respectively.
Five low-energy isomers of La(C5H8) (Figure 5.3 and Table 5.1) are predicted by
the DFT/B3LYP calculations. Iso A and Iso B are both five-membered metallacycles
with a methyl substitution of a H atom on a terminal ring-C atoms. The main difference
between the two conformational isomers is the orientation of the CH3 group relative to
the adjacent CH2 group, which is staggered in Iso A but eclipsed in Iso B. Like an ethane
molecule, the eclipsed form is slightly less stable than the staggered form (by ~ 2.0 kcal
mol-1) because in the eclipsed form the orbitals of the C-H bonds in the methyl group has
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the least amount of overlap with the C-H (or C-La or C-C) orbitals of the adjacent carbon.
Iso C is a four-membered metallacycle with an ethyl substitution, whereas Iso D is a
three-membered ring with a propyl substituent. Iso E is a six-membered ring with La
binding to two terminal carbon atoms of pentene and is ~ 14.5 kcal mol-1 higher in energy
than Iso A. The six-membered ring is more like a boat conformation with the average CC bond distance of 1.484 Å, ~ 0.05 Å longer than the average bond distance (1.439 Å) in
Iso A.

These metallacycle may be considered hetero cycloalkenes in which the

heteroatom is the La atom. As expected from the viewpoint of molecular strain energy,
the five-membered rings are more stable than the four-membered one, and the fourmembered ring is more stable than the three-membered one. The hydrocarbon moiety in
each of the metallacycles can be considered a diradical, with an unpaired C 2pπ electron
on either of the La-bonded C atoms. Because the ground electron configuration of La
atom (5d16s2) is not reactive toward hydrocarbon compounds, a La 6s electron is
promoted to a 5d orbital to yield a reactive La 5d26s1 configuration. The unpaired C 2pπ
electrons on the La-bonded C atoms are each paired with a La 5d electron to form two
La-C σ bonds. Thus, the ground electronic state of each lanthanacycle is expected to be a
doublet with a La 6s-based electron in the highest occupied molecular orbital. Removal
of the La 6s electron by ionization yields a singlet ion.
Ionization of Iso A produces an singlet ion with its structure similar to that of the
neutral species (Table 5.2) and is responsible for the observed MATI spectra of La(C5H8)
formed by both 1-pentene and 2-pentene reactions. This assignment is supported by the
good agreement between the simulation of the 1A ← 2Α transition of Iso A (Figure 5.2c)
and experimental spectra (Figure 5.2a or 5.2b). The origin band in the simulation is
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aligned with those in the experimental spectra, but the computed vibrational frequencies
are unscaled in order to directly compare with the experimental observations. Based on
the spectral simulation, the 410/402 and 290/268 cm-1 bands are assigned to the
symmetric (ν30+/ν30) and asymmetric (ν32+/ν32) metal-ligand stretching excitations, and
the 165/156 and 130/128 cm-1 bands are attributed to the CH3 torsional (ν35+/ν35) and
bending (ν36+/ν36) motions in the 1A / 2A states, respectively (Table 5.3). We have also
considered possible contributions from Iso B, C, and D to the observed spectra but
excluded them by the following considerations: The MATI spectra would have shown a
second band system if they had contributions from any of these three isomers. However,
the spectra show no sign of an additional band system. Simulations of Iso B, C, D and E
are not consistent with the observed spectra as shown by π. These isomers are all
predicted to be at higher energies, which could either be quenched by supersonic
expansions if they were formed or would have different ionization energies.
The formation of Iso A is thermodynamically and kinetically favorable. Figures
5.5 and 5.6 present the DFT/B3LYP computed stationary points for the formation of the
two isomers from the H2 elimination of 1-pentene and 2-pentene, respectively. These
stationary points include reactants, intermediates (IMn), transition states (TSn), and
products in their doublet spin states. Energies of the stationary points are reported in
Tables 5.4 and 5.5. We consider the concerted H2 elimination because previous studies
have shown that step-wise dehydrogenation paths are less favorable for the metal atommediated dehydrogenation of small alkenes and alkynes as discussed earlier.
A plausible reaction mechanism for the formation of Iso A from the La + 1pentene reaction consists of La addition to the C=C double bond, La insertion into two
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C(sp3-H) bonds, and concerted H2 elimination (Figure 5.5). The reaction begins with La
atom addition to the C=C bond to form a π complex [La(CH2CHCH2CH2CH3), IM1] at
30.5 kcal mol-1 blow the reactants. Upon the La addition, the C=C bond of 1-pentene is
elongated by 0.177 Å (from 1.332 Å to 1.509 Å) due to the cleavage of the π bond
between the carbon atoms. The change from the C=C to C-C bond is also evidenced by
the bending of the H atoms in the ethenyl group of the ligand. A molecular orbital
analysis reveals that the unpaired pπ electron on each of the two ethenyl carbon atoms is
paired with a La 5d electron to form a La-σ bond. Thus, the resultant π complex can be
considered a three-membered metallacycle. The exothermic energy from the La addition
to 1-pentene (30.5 kcal mol-1) is similar to those from La additions to ethylene (32.4 kcal
mol-1)59 and propene (29.7 kcal mol-1),60 but significantly lower than those from La
additions to propyne (52.3 kcal mol-1),57 and 1- and 2-butynes (52.4 and 51.1 kcal mol-1)
(Table 4.4). Alkenes generally are not as good electrophiles as alkynes due to their
higher-energy empty C 2pπ orbitals and tend to have weaker back electron donations
from metal d orbitals than alkynes, which lead to slightly longer La-C bonds in
lanthanacyclopropanes than those in lanthanacyclopropenes.

The weaker bonding

between La and alkenes results in their lower exothermicity. The second step is the
activation of two C(sp3)-bonds by La insertion. The first insertion occurs at a C(sp3)-H
bond of the CH2 group in the β position to form inserted species H-La-(η3CH2CHCHC2H5) (IM2). IM2 is more stable than IM1 (by 9.6 kcal mol-1) because La is
in an η3 binding mode rather than a η2 mode. The La-H bond (2.089 Å) in IM2 rotates to
form a slightly more stable IM3 (by 3.3 kcal mol-1) where La-allylic carbon distances are
slightly shorter (2.696 Å in IM2 and 2.667 A in IM3). The La-H rotation moves the H
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atom away so that it does not hinder the path for a second La insertion. The second
insertion occurs at a C(sp3)-H bond of the CH2 group in the γ position to form IM4,
which is 12.2 kcal mol-1 less stable than IM3. This is in contrast to the first insertion
where the inserted species IM2 is more stable than the precursor IM1. In the first La
insertion, the formation of the new La-H and La-C bonds in IM2 overcompensates the
cleavage of a C-H bond in IM1, making the inserted species more stable. In the second
La insertion, a new La-H bond is formed along with the shift of a La-C bond from β-C to
γ-C in IM4. The resultant La-H bond is weaker than the cleaved C-H bond in IM3,
resulting in the less stable IM4. IM4 may be considered a dihydrogen complex because
the L-bonded H-H distance (0.770 Å) is basically the same as the equilibrium H-H bond
length (0.774 Å) in a free H2 molecule. The final step is the concerted H2 elimination
from IM4 to form Iso A. The whole process La + 1-pentene → Iso A is exothermic by
33.5 kcal mol-1 and has no overall energy barriers. Along the reaction coordinates, the
activation of the C(sp3)-H bonds in the (β, γ) positions are preferred over those in the (α,
β) or (α,α′) positions because the later would lead to less stable 4- or 3-membered
metallacycles (e.g., Iso C or Iso D). Because the transition states (TS1-TS3) are all
considerably below the isolated reactants (La + 1-pentene) in energy, all intermediates
(IM1-IM4) have tendency to convert to the product (Iso A). This may explain why no
intermediates were observed in our experiments even though the adduct (IM1) and
inserted species (IM2, IM3) are more stable than the product. This observation is similar
to the previous studies of La reactions with other small unsaturated hydrocarbons,57, 59
except for propene where a La-inserted species was identified.60
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2-Pentene dehydrogenation follows a similar path as 1-pentene.

Because 2-

pentene used in our experiment is a mixture of trans and cis conformers, we have
considered the dehydrogenation of both conformers (Figure 5.6: red for trans-2-ptenene
and blue for cis-2-petnen). In each case, the dehydrogenation path consists of La addition
to the C=C double bond (IM5 or IM9), La insertion into a β C(sp3-H) bond in the ethyl
group (IM6 or IM10), La-H bond rotation (IM7), La insertion into a β′ C(sp3-H) bond in
the methyl group (IM8), and finally H2 elimination. The main difference between IM5
and IM9 is in the relative orientations of the ethyl groups, whereas that between IM6 and
IM10 is in the orientations of the La-H bonds. Like the 1-petene dehydrogenation, the
whole process of the cis- or trans-2 pentene dehydrogenation is exothermic (by 29.5 or
28.0 kcal mol-1) and has no energy barriers.

On the other hand, the (β, β′)

dehydrogenation is preferred over the (β, γ) dehydrogenation for cis- and trans-2-pentene
because the (β, β′) carbon (sp3) are in the proximity of the La atom and the γ carbon (sp3)
is further away. For the La(1-pentene) π complex, there is only one β position. After the
cleavage of the first C(sp3)-H bond in this position, β carbon atom is changed from sp3 to
sp2 hybridization. Similarly, the carbon atoms in the (α, α′) position are also in sp2
hybridization. Activation of a C(sp2)-H bond is generally less favorable than that of a
C(sp3)-H bond. Thus, a γ C (sp3)-H bond is favored for the second La insertion of 1pentene.
2-Penetene may also undergo isomerization to 1-pentene prior to dehydrogenation.
Possible isomerization pathways of trans- and cis-2-pentene are illustrated in Figure 5.7
(red for trans-pentene and blue for cis-2-petene), and energies of the stationary points are
summarized in Table 5.5. The trans-2-pentene to 1-pentene isomerization begins with La
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addition to the double bond to form La(2-pentene) π complex IM5, followed by La
insertion into a C(cp3)-H bond of the methyl group that is adjacent to the double bond of
2-pentene to form inserted species IM11. In this species, La is in an η3 bonding to the
allyl fragment. With La-H bond rotation via TS10, IM11 converts into another inserted
species, IM12. IM12 then undertakes H migration from La to the carbon atom of the
methine group to form La(1-pentene) π complex IM13, which converts into IM1 by
rotating the C-C bond of the -CLaH-CH2- group. The whole process is exothermic
without any energy barrier. The isomerization of cis-2-pentene to 1-pentene is largely
similar to the trans-2-pentene isomerization. The only difference is that the cis-2-pentene
isomerization does not involve the C-C bond rotation, and IM1 is formed directly from
the inserted species IM2 via the La-bonded H migration.

5.3.3 MATI spectroscopy, structure, and formation of La(C2H2)
Even though the number density of La(C2H2) is very low from both 1- and 2pentene reactions (Figure 5.1), we were able to obtain sharp MATI spectra for the species
(Figure 5.8 (a,b)). The spectra are a bit noisy but clearly show an origin band at 41174 (5)
cm-1 and a weak vibronic band at ~ 522 cm-1 above. The origin band position and the
vibronic transitions are the same as those observed for La(C2H2) produced in the La
reactions with ethylene and 1,3-butadiene.59, 62 The spectra can easily be assigned to the
1

A1 ← 2A1 transition of lanthanacyclopropene by comparing with the spectra of La(C2H2)

from the ethylene and 1,3-butadiene reactions59, 62 and the simulation in Figure 5.8c. The
origin band corresponds to the AIE of the complex, and the 522 cm-1 transition is due to
the symmetric La-C2H2 stretch. The second quantum of the La-C2H2 stretch and the
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weak in-plane C-H bending transition around 832 cm-1 in the simulation are not clearly
present in the experimental spectra due to the low signal.
A possible reaction path for the formation of La(C2H2) from the La + 1-pentene
reaction is illustrated in Figure 5.9. As the dehydrogenation of 1-pentene (Figure 5.5),
the first step is La addition to the C=C bond to form a three-membered
metallacyclopropane (IM1), which is the same species as the adduct formed in the
dehydrogenation of the ligand. The second step is La insertion into the terminal α
C(sp3)-H bond to form an inserted species (IM15) with the metal atom binding only to
the α carbon atom. IM15 is different from the insertion species IM2 formed in the
dehydrogenation of 1-pentene (Figure 5.5), where La is in an η3-binding mode with the
allylic group. The next step is the C(sp3)-C(sp3) bond cleavage leading to a tri-ligand La
complex La(CHCH)(H)(CH2CH2CH3) (IM16), Upon H migration from La to the propyl
group, IM16 becomes a di-ligand La complex La(CHCH)(CH3CH2CH3) (IM17), where
the La binding with propane is very weak, whereas the La binding with the vinylene
group is strong. Due to the weak propane binding, IM17 is easily decomposed to the
La(C2H2) and C3H8 products. Along the reaction coordinates, the inserted species IM15
is slightly less stable than the three-membered metallacycle IM1 (by 3.4 kcal mol-1) due
to the replacement of a stronger La-C bond in IM1 by a weaker La-H bond in IM15.179
Further down the reaction path, IM16 is even less stable than IM15 (by 9.2 kcal mol-1)
due to the cleavage of a C-C bond and the weakening of the La-H bond (from 2.087 Å in
IM15 to 2.148 Å in IM16). This stability trend of the intermediates is reversed from
IM16 to IM17, where the latter is more stable (by 7.9 kcal mol-1). The lower energy of
IM17 is largely due to the substitution of a weaker La-H bond in IM16 by a stronger C-H
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bond. The total energy of La(C2H2) + C3H8 is almost the same as that of IM17, which is
expected as the La bonding with propane in IM17 is very weak. The whole process from
the reactants to the products is exothermic by 33.5 kcal mol-1. Kinetically, the reaction
encounters two small energy barriers (TS16 and TS17 at 6.4 and 5.1 kcal mol-1,
respectively) associated with cleavages of the C-C and La-C bonds. But, these barriers
may be overcome by the collision energy of the species seeded in the carrier gas.
The formation of La(C2H2) from the La + 2-pentene reaction may not follow a
similar reaction path to that of the 1-pentene reaction. As discussed above, the reaction
path for the 1-pentene reaction includes La addition to the C=C double bond, La insertion
to the α C(sp3)-H bond, C-C bond cleavage, and H migration. Unlike the C(sp3)-C(sp3)
bond cleavage and H migration from La to carbon in the 1-pentene reaction, the C-C
bond breakage in the 2-pentene reaction would occur at much stronger C(sp2)=C(sp2)
bond and the H migration would require the activation of the two C-H bonds of the
methyl group at β position in addition to the La-H bond. The cleavage of the stronger
C=C and multiple C-H bonds makes very unfavorable for the La(C2H2) formation from
the La + 2-pentene reaction. Thus, we envision that La(C2H2) observed in Figure 5.1b is
likely formed via 2-pentene to 1-pentene isomerization, followed by the same pathway as
for the 1-pentene reaction.
We have also considered the formation of La(C2H2) by the La(C5H8) → La(C2H2)
+ C3H6 secondary reaction but found that this reaction is not favorable due to the high
reaction endothermicity (32.4 kcal mol-1) and energy barriers (30.4, 36.9, and 29.7 kcal
mol-1 for TS18, TS19, and TS20 respectively) as shown in Figure 5.10 and Table 5.4.
The reaction is endothermic because it involves energy-costing C-C bond cleavage but no
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new bond formation. The high barriers arise from the activation of the C-H and La-C
bonds (TS18), the C-C bond (TS19), or the La-C and La-H bonds (TS20).

5.4 Conclusions
We have reported the MATI spectra and formation of La(C5H8) and La(C2H2)
formed by the La-mediated dehydrogenation and C-C bond cleavage of 1-pentene and 2pentene. The spectra of La(C5H8) from the two reactions are the same and exhibit a
strong origin band and metal-ligand stretching and methyl group bending or torsional
transitions. The spectra of La(C2H2) from the two reactions are also identical and display
a strong origin band and a weak metal-ligand stretching band. La(C5H8) and La(C2H2) are
identified as methyl-lanthanacyclopentene (C1) and lanthanacyclopropane (C2v),
respectively. The ground state of each species is a doublet state with a La-based 6s1
electron configuration, and the lowest-energy state of the corresponding ion is a singlet
state upon the removal of the La 6s1 electron. Because of the non-bonding nature of the
La 6s1 electron, ionization has a small effect on the geometry of the neutral state. The
formation of La (C5H8) from the two reactions consists La addition to the C=C double
bond, La insertion into two C(sp3)-H bonds, and concerted H2 elimination. For the 2pentene reaction, the formation of La(C5H8) may also involve 2-pentene to 1-pentene
isomerization. In addition to the La addition and insertion, the formation of La(C2H2)
from the 1-pentene reaction includes the C(sp3)-C(sp3) cleavage and H migration from La
to C(sp3), whereas the metallacyclopropene from the 2-pentene reactions requires the
ligand isomerization to 1-petnene.
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Table 5.1: Molecular point groups, electronic states, and relative energies (cm-1) of
La(C2H2) and five isomers of La(C5H8) from DFT/B3LYP and CCSD(T)//B3LYP
calculations. The energies of Iso B, C, D, and E are relative to that of Iso A.
Complex
La(C2H2)

La(C5H8), Iso A

La(C5H8), Iso B

La(C5H8), Iso C

La(C5H8), Iso D

La(C5H8), Iso E

Point Group

State

EB3LYP

ECCSD(T)

C2v

2

A1

0

0

C2v

1

A1

42107

40889

C1

2

A

0

0

C1

1

A

39675

38590

C1

2

A

694

258

C1

1

A

39099

37419

C1

2

A

1939

2036

C1

1

A

41513

40020

Cs

2

Aʹ

3172

3563

Cs

1

Aʹ

42836

41524

C1

2

A

5068

5505

C1

2

A

44450

43990
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Table 5.2: Geometric parameters of La(C2H2) and La(C5H8) (Iso A) in various electronic
states from the DFT/B3LYP calculations. Bond lengths are in Å and bond angles in
degrees. Carbon atomic numbering of La(C5H8) is shown in Figure 5.3.
Parameter
2

La-C
C-C
La-C-C
H-C-C

La-C1
La-C2
La-C3
La-C4
C1-C2
C2-C3
C3-C4
C4-C5
La-C1-C2
La-C4-C3
La-C4-C5

La(C2H2), C2v

A1
2.307
1.346
73.0
126.8
La(C5H8) (Iso A), C1
2
A
2.505
2.665
2.671
2.518
1.449
1.388
1.447
1.520
79.9
79.7
133.3
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1

A1
2.254
1.347
72.6
128.5
1

A
2.431
2.606
2.620
2.450
1.453
1.391
1.446
1.522
80.0
80.0
131.4

Table 5.3: Adiabatic ionization energies (AIEs, cm-1) and vibrational frequencies (cm-1)
of La(C2H2) and La(C5H8) (Iso A) from MATI spectroscopy and DFT/B3LYP or
CCSD(T)//B3LYP calculations. νn and νn+ are vibrational modes in the neutral and ionic
states.
Complex

MATI

B3LYP

Mode description

(CCSD(T))
La(C2H2), C2v, 1A1 ← 2A1
AIE

41174

42107(40889)

v4+

522

528

symmetric La-ligand stretch

La(C5H8) (Iso A), C1, 1A ← 2A
AIE

38984

39675(38590)

v36+ / v36

130/128

125/134

CH3 bend

v35+ / v35

156/165

158/158

CH3 torsion

v32+ / v32

290/268

288/278

asymmetric La-ligand stretch

v30+ / v30

410/402

405/385

symmetric La-ligand stretch
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Table 5.4: Total energies (E, hartree) and relative energies (Erel, kcal mol-1) without and
with ZPE corrections of the intermediates (IMn) and transition states (TSn) and
imaginary frequencies (IMG, cm-1) of TSn for the reaction of La with 1-pentene from the
DFT/B3LYP calculations.
Species
La + 1-pentene
IM1
IM2
IM3
IM4
IM15
IM16
IM17
IM18 + H2
IM19 + H2
IM20 + H2
TS1
TS2
TS3
TS15
TS16
TS17
TS18+ H2
TS19+ H2
TS20+ H2
La(C5H8) + H2
La(C2H2) + C3H8
La(C2H2) + C3H6 + H2

IMG

854i
241i
958i
813i
385i
211i
747i
274i
1117i

E
wo/ ZPE
-632.140036
-632.185500
-632.196149
-632.201369
-632.178913
-632.175078
-632.152455
-632.175590
-632.148657
-632.108825
-632.135655
-632.172098
-632.192684
-632.171237
-632.138143
-632.116139
-632.116965
-632.123844
-632.084721
-632.067047
-632.178313
-632.174680
-632.118744
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Erel
w/ ZPE
-632.003585
-632.052128
-632.067501
-632.072723
-632.053302
-632.046787
-632.032086
-632.044649
-632.034789
-632.000920
-632.019597
-632.042594
-632.064482
-632.045875
-632.009181
-631.993442
-631.995413
-632.008506
-631.976065
-631.959280
-632.057006
-632.044223
-632.001858

wo/ ZPE
0.0
-28.5
-35.2
-38.5
-24.4
-22.0
-7.8
-22.3
-5.4
19.6
2.7
-20.1
-33.0
-19.6
1.2
15.0
14.5
10.2
34.7
45.8
-24.0
-21.7
13.4

w/ ZPE
0.0
-30.5
-40.1
-43.4
-31.2
-27.1
-17.9
-25.8
-19.6
1.7
-10.0
-24.5
-38.2
-26.5
-3.5
6.4
5.1
-3.1
17.3
27.8
-33.5
-25.5
1.1

Table 5.5: Total energies (E, hartree) and relative energies (Erel, kcal mol-1) without and
with ZPE corrections of the intermediates (IMn) and transition states (TSn) and
imaginary frequencies (IMG, cm-1) of TSn for the reaction of La with trans- and cis-2pentene from the DFT/B3LYP calculations.
Species
La + trans-2-pentene
La + cis-2-pentene
IM5
IM6
IM7
IM8
IM9
IM10
IM11
IM12
IM13
IM14
IM2
TS4
TS5
TS6
TS7
TS8
TS9
TS10
TS11
TS12
TS13
TS14
TS1
La(C5H8) + H2
La(CH2CHC3H7)

IMG

860i
212i
1022i
843i
172i
892i
131i
852i
89i
890i
126i
854i

E
wo/ ZPE
-632.145911
-632.143752
-632.184395
-632.194801
-632.200309
-632.179298
-632.182210
-632.194252
-632.196825
-632.195430
-632.185164
-632.196925
-632.196149
-632.169767
-632.192819
-632.170480
-632.170927
-632.191816
-632.169292
-632.194072
-632.172453
-632.181937
-632.169823
-632.194393
-632.172098
-632.178313
-632.185500
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Erel
w/ ZPE
-632.010000
-632.007596
-632.051111
-632.066961
-632.072112
-632.053512
-632.048990
-632.066239
-632.068782
-632.066938
-632.051854
-632.068825
-632.067501
-632.040593
-632.065199
-632.045224
-632.041815
-632.064031
-632.039963
-632.066451
-632.043255
-632.048719
-632.040390
-632.067017
-632.042594
-632.057006
-632.052128

wo/ ZPE
0.0
1.4
-24.1
-30.7
-34.1
-21.0
-22.8
-30.3
-31.9
-31.1
-24.6
-32.0
-31.5
-15.0
-29.4
-15.4
-15.7
-28.8
-14.7
-30.2
-16.7
-22.6
-15.0
-30.4
-16.4
-20.3
-24.8

w/ ZPE
0.0
1.5
-25.8
-35.7
-39.0
-27.3
-24.5
-35.3
-36.9
-35.7
-26.3
-36.9
-36.1
-19.2
-34.6
-22.1
-20.0
-33.9
-18.8
-35.4
-20.9
-24.3
-19.1
-35.8
-20.5
-29.5
-26.4

(a)

La2C

La(C3H4)
La(C2H2)
LaO

(b)

La(C10H18)

La(C5H8)

Figure 5.1. TOF Mass spectra of La + 1-pentene (a) and La +2-pentene (c) recorded with
239 nm photoionization.
.

402

38984
268
156
128

290

165
130

*

#

410

(a)

(b)

(c)

Figure 5.2. MATI spectrum of La(C5H8) formed from La with 1-pentene (a) and 2pentene (b) reactions, and the simulation from the 1A ← 2A transition of La(C5H8) (C1)
(Iso A) at 300 K (c). The bands marked with “*” and “#” are the combination binds.
114

5 4

3 2

5
4

1

Iso A

5

4

3

2 1

Iso C

3 2

1

Iso B

5 4

3 2

Iso D

1

2

1
3 4

5

Iso E

Figure 5.3. Structures of five La(C5H8) isomers. Relative energies of these isomers are
listed in Table 6.1.
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(a)
(b)
(c)

(d)
(e)
(f)
(g)

Figure 5.4. MATI spectrum of La(C5H8) formed from La + 1-pentene reaction (a), and
simulations of the 1A ← 2A transition of Iso A (b), the 1A ← 2A transition of Iso B (c),
the 1A ← 2A transition of Iso C (d), the 1Aʹ ← 2Aʹ transition of Iso D (f), and the 1A ←
2

A transition of Iso E (g) at 300 K, and the simulation of the 1A ← 2A transition of Iso C

at 100K (e).
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La + 1-pentene

TS1

TS3

IM1

IM4

TS
IM2

IM3

Products

+

Figure 5.5. Reaction pathway and energy profile for the formation of La(C5H8) (Iso A)
from the La + 1-pentene reaction calculated at the DFT/B3LYP level, where IMn stands
for intermediates and TSn transition states.
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La + cis-2-pentene
La + trans-2-pentene

TS4
TS6

TS7
IM9

IM8

IM5

IM10
IM6

TS8

+

TS5

Products
IM7

Figure 5.6. Reaction pathways and energy profiles for the formation of La(C5H8) (Iso A)
from the La + cis-2-pentene (blue) and trans-2-butene (red) reactions calculated at the
DFT/B3LYP level, where IMn stands for intermediates and TSn transition states.
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La + cis-2-pentene
La + trans-2-pentene

TS9

IM5

TS13

TS1

TS11

TS12

IM9

IM13

IM1

TS10 IM12 TS14
IM11

IM14

IM2

Figure 5.7. Reaction pathways and energy profiles for the isomerization of
La(CH3CHCHCH2CH3) (IM5 or IM9) to La(CH2CHCH2CH2CH3) from the La + cis-2pentene (blue) and trans-2-butene (red) reactions calculated at the DFT/B3LYP level,
where IMn stands for intermediates and TSn transition states.
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41174
522

(a)

(b)

(c)

Figure 5.8. MATI spectra of La(C2H2) produced from La reactions with 1-pentene (a,
blue) and 2-ptentene (b, dark red) and the simulation of the 1A1 ← 2A1 transition of
La(C2H2) (C2v) at 300 K (c, red).
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TS16

TS17

TS15
Reactants

IM16
IM15

IM1

IM17
Products

+

Figure 5.9. Reaction pathway and energy profile for the formation of La(C2H2) (C2v)
from the La + 1-pentene reaction calculated at the DFT/B3LYP level, where IMn stands
for intermediates and TSn transition states.

TS20
TS19

+

TS18

IM19

Products
IM20

IM18
La(C5H8)

Figure 5.10. Reaction pathways and energy profiles for the formation of La(C2H2)
complex from the C-C bond cleavage of La(C5H8) complex calculated at the
DFT/B3LYP level, where IMn stands for intermediates and TSn transition state.
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CHAPTER 6. LANTHANUM-HYDROCARBON

RADICALS

FORMED

BY

ASSOCIATION AND C-C BOND CLEAVAGE OF ISOPRENE
6.1 Introduction
Isoprene (2-methyl-1,3-butadiene) is one of the most abundant volatile organic
compounds in the troposphere. Its emission affects aerosol formation and contributes to
the formation of tropospheric ozone in the presence of nitric oxides.180 Its industrial
applications are largely for polydiene production. The most effective method for the
precise control of polydienes is coordination-insertion polymerization accomplished by
single-site transition metal catalysts.181 Although isoprene reactions with metal ions or
atoms in the gas phase have rarely been reported, metal ion reactions with its parent
molecule, 1,3-butadiene, have been investigated with mass spectrometry based methods.
Bohme and coworkers observed sequential additions of the butadiene to Fe+ (up to four
ligands) using a selected-ion flow tube technique.159 Freiser and coworkers detected
M+(1,3-butadiene) adduct as the only product for M = Ni but both M+(1,3-butadiene) and
M+(C4H4) corresponding to a H2 loss for M= Fe and Co using Fourier transform ion
cyclotron resonance (FTICR) mass spectrometry.158 In contrast to the later transition
metal ions, Ohanessian and coworkers observed, also with FTICR, W+(C4H4) as the
major product, with minor amounts of W+(C2H2) and of W+(C3H2).160 In reactions with
transition metal oxide ions, Castleman and coworkers observed using a triple quadrupole
mass spectrometer system that tantalum oxide cluster ions cleaved the butadiene to give
TaxOy+(C2H4) as the major reaction,182, 183 whereas vanadium oxide cluster ion reactions
yielded VxOy+(C4H6) as the major products, with minor amounts of VxOy+(C4H4) and
VxOy+(C2H3).184 1,3-butadiene reactions with neutral vanadium oxide clusters have been
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studied by Bernstein, He, and coworkers, where VxOy(C3H4) and VxOy(C4H6) were
detected through soft x-ray photoionization.185 In all of the aforementioned studies, no
spectroscopic measurements were reported.
In a very recent study, we reported spectroscopic characterization of nonconcerted
[4+2] cycloaddition of 1,3-butadiene with lanthanacyclopropene [La(CH=CH)] to form
La(benzene).62

Lanthanacyclopropene is an intermediate generated by the primary

reaction between La and 1,3-butadiene, and computational prediction suggests that the
formation of this intermediate involves La addition, 1,3-butadiene isomerization, 1,3 or
4,2-H migration, and C2-C3 bond cracking. To test the computational prediction, we
carried out a MATI spectroscopic study of the metal radicals formed by the La + isoprene
reaction. Because the H atom on the C2 position of 1,3-butadiene is replaced by a methyl
group in isoprene, a 1,3-H migration followed by the cleavage of the isoprene C2-C3
single

bond

is

expected

to

form

a

methyl-substitute

lanthanacyclopropene

[La(CH=CCH3)] + ethylene, whereas a 4,2-H migration followed by the C2-C3 bond
cracking should produce lanthanacyclopropene [La(CH=CH)] + propene. Competing
with the 1,3-H migration, a H atom in the methyl group could also migrate to C3 to form
La[H2CC(CH2)CH2CH2], which then may decompose to La(CH2=C=CH2) + ethylene or
La(CH2CH2) + allene through the cleavage of the C2-C3 single bond. We report here the
MATI spectroscopy and formation of La-hydrocarbon radicals formed by molecular
addition and C-C bond cleavage.

In this work, we observe both La(CH=CH) and

La(CH=CCH3), confirming the previously proposed pathway for the formation of
La(CH=CH) from the La + 1,3-butadiene reaction. On the other hand, we detect no
traces of La[H2CC(CH2)CH2CH2], La(CH2=C=CH2), or La(CH2CH2), suggesting that a
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H migration from the methyl group of isoprene is insignificant in the La + isoprene
reaction.

6.2 Experimental and computational methods
The metal-cluster beam instrument used in this work consists of reaction and
spectroscopy vacuum chambers and was described in Section 2.1. La-isoprene reaction
was carried out in a laser-ablation metal cluster beam source. La atoms were generated
by pulsed laser (Nd:YAG, Continuum Minilite II, 532 nm, ~1.0 mJ/pulse) ablation of a
La rod (99.9%, Alfa Aesar) in the presence of a He (99.998%, Scott Gross) carrier gas
(40 psi) delivered by a home-made piezoelectric pulsed valve (Physik Instrumente P286.20). Vapor of isoprene (boiling point 34 oC, 99%, Aldrich), was introduced 3 cm
downstream of the laser ablation point, from which La atoms, He gas, and the isoprene
vapor entered into a collision tube (2 mm diameter and 2 cm length) and were then
expanded into the reaction chamber, collimated by a cone-shaped skimmer (2 mm inner
diameter), and passed through a pair of deflection plates. Ionic species in the molecular
beam that were formed by laser ablation were removed by an electric field (100 Vcm-1)
applied on the deflection plates, and neutral products were identified by photoionization
TOF mass spectrometry.
Prior to the MATI measurements, PIE spectrum of each of the La-hydrocarbon
radicals was recorded to locate an approximate ionization threshold to guide MATI scans.
In the MATI experiment, the La-hydrocarbon radicals were excited to high-lying
Rydberg states in a single-photon process and ionized by a delayed pulsed electric field.
The excitation laser was the frequency doubled output of a tunable dye laser (Lumonics
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HD-500), pumped by the third harmonic output (355 nm) of a Nd:YAG laser (Continuum
Surelite II). The laser beam was collinear and counter propagating with the molecular
beam. The ionization pulsed field (320 V cm-1), which was also used for accelerating
ions into the field free region, was generated by two high voltage pulse generators (DEI
PVX-4140) and delayed by ~20 µs from the laser pulse by a delayed pulsed generator
(SRS, DG645). A small dc field (6.0 V cm-1) from another power supply (GW INSTEK
GPS-30300) was used to separate the ions produced by direct photoionization from the
MATI ions generated by the delayed field ionization. The MATI ion signals were
obtained by scanning the tunable dye laser, detected by a dual microchannel plate
detector, amplified by a preamplifier (SRS, SR445), visualized by a digital oscilloscope
(Tektronix TDS 3012), and stored in a laboratory computer. Laser wavelengths were
calibrated against titanium atomic transitions in the MATI spectral region, and the
calibration was done after recording the MATI spectra.144 The Stark shift on the AIE
induced by the dc field (Ef) was calculated using Equation 1.3.
DFT/B3LYP was used to calculate the equilibrium geometries and vibrational
frequencies of the La-hydrocarbon radicals and single charged positive ions. The basis
sets used in these calculations were 6-311+G(d,p) for C and H and SDD for La. No
symmetry restrictions were imposed in initial geometry optimizations, but appropriate
point groups were used in subsequent optimizations to help identify electronic
symmetries. For each optimized stationary point, a vibrational analysis was performed to
identify the nature of the stationary point (minimum or saddle point). In predicting
reaction pathways, minima connected by a transition state were confirmed by intrinsic
reaction coordinate calculations. To refine the energies of the electronic states, single125

point energy calculations were carried out with the CCSD(T) method. These calculations
involve the third-order DKH relativistic correction and were at the DFT/B3LYP
optimized geometries. Basis sets used in the CCSD(T) calculations were cc-pVTZ-DK
for C and H and cc-pVTZ-DK3 for La. The DFT calculations were performed with
Gaussian 09 software package, whereas the CCSD(T) calculations were carried out with
MOLPRO 2010.1.
To compare with the experimental MATI spectra, multi-dimensional FCF were
calculated from the equilibrium geometries, harmonic vibrational frequencies, and
normal coordinates of the neutral and ionized complexes. Spectral simulations were
obtained using the experimental line width and Lorentzian line shape. Transitions from
excited vibrational levels of the neutral complex were considered by assuming thermal
excitation at specific temperatures.

6.3 Results and discussion
6.3.1 TOF mass spectrum and La-hydrocarbon species
Figure 6.1 displays the TOF mass spectrum of the La + isoprene reaction recorded
with 235 nm photoionization. The spectrum show La-hydrocarbon species corresponding
La(CnHm) (n = 2, 3, 5, and 7; m = 2, 4, 6, and 8). These species may be formed through
following primary and secondary reactions:
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The primary reactions (1a-1d) include molecular association, dehydrogenation, and C-C
bond cleavage, whereas the secondary reaction (2) involves addition of a second isoprene
molecule to one of the C-C bond cleaved species La(C2H2) followed by a loss of H2.
Although the reaction channels are similar to those observed for the La + 1,3-butadiene
reaction,62 branching ratios (BR) of the metal-hydrocarbon species formed in these
channels are considerably different. In the isoprene reaction, the adduct La(C5H8) is by
far the most predominant (BR = 0.65), all other species from the primary reactions are
relatively minor, and the only species from the secondary reaction is even less. In
contrast, the La + 1,3-butadiene reactions yields La(C2H2) from the C-C bond cleavage as
the major product (BR = 0.44) and other species from association, dehydrogenation or
secondary reactions as minor ones.

These observations suggest that the methyl

substitution of a hydrogen atom in the C2 position of 1,3-butadiene decreases the
hydrocarbon reactivity towards La atom, especially the reaction channel of the C-C bond
cleavage. In addition to the metal-hydrocarbon species, a significant amount of LaO is
observed. LaO could be formed by La reactions with oxygen that is present in the carrier
gas as an impurity or by laser vaporization of La oxide impurity in the La rod. The
following paragraphs will focus on the spectroscopic and computational characterization
of La(C5H8) formed through association and La(C2H2) and La(C3H4) formed through C-C
bond cracking.

6.3.2 MATI spectroscopy, structure, and formation of La(C5H8)
The MATI spectrum of La(C5H8) formed by the La + isoprene reaction (Figure
6.2a) shows the strongest band at 39007 (5) cm-1, 352 and 427 cm-1 progression with up
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to two vibrational quanta, and several weak bands (100, 235, 295, 474, and 502 cm-1) at
higher energy side of the strongest band, and two additional weak bands (110 and 342
cm-1) at the lower energy side. Transitions marked with “*1-*3” are combination bands
of 352 cm-1 with 235, 295, and 427 cm-1, respectively. The strongest band is easily
assigned as the origin band, and its energy corresponds to the AIE of the metalhydrocarbon radical. The strong origin band coupled with the short spectral profile
indicates that the geometries of the neutral species and singly charged cation are similar,
whereas the observation of numerous bands suggests that the metal-hydrocarbon radical
must have a low molecular symmetry.
Two possible isomers of La(C5H8), Iso A (C1) and Iso B (C1), are shown in
Figures 6.3a and 6.3b, and their structural parameters and relative energies are listed in
Table 6.1 and 6.2. Iso B is a three-membered lanthanacycle with La binding with C2 and
C3 atoms of the trans isoprene. In the free trans isoprene, the two C=C bonds are
predicted by DFT/B3LYP to be 1.338 and 1.342 Å, and the C2-C3 single bond is 1.467 Å.
Upon La addition, the two double bonds are extended to 1.439 and 1.437Å, whereas the
single bond is reduced to 1.410 Å so that the three CC bonds become comparable. This
metal-mediated perturbation on the hydrocarbon structure can be understood by
interactions between the frontier orbitals of the diene molecule and 5d orbitals of the La
atom. In a butadiene molecule, the four C pπ orbitals of the highest occupied molecular
orbital (HOMO) are in a bonding configuration for C1C2 and C3C4 but an antibonding
configuration for C2C3; on the other hand, the four C pπ orbitals of the lowest
unoccupied molecular orbital (LUMO) are in an antibonding configuration for C1C2 and
C3C4 but bonding for C2C3. Metal coordination depletes the diene pπ electron density
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of the HOMO due to donation of the pπ electrons to an empty La 5dσ orbital and
populates the electron density of the LUMO by back electron donation from a filled La
5dπ orbital into the empty diene π* orbital. The electron depletion in the HOMO and the
electron population in the LUMO will thus have the effect of lengthening the C1C2 and
C3C4 distances and shortening the C2C3 bond length. Iso A is a five-membered ring
obtained by rotating the C2C3 bond so that the isoprene carbon backbone is in a cis
conformation. Iso A has a significantly shorter C2C3 distance (1.388 Å) than C1C2
(1.451 Å) or C3C4 (1.455 Å) (Table 6.1). Because a five-membered ring is less strained
than a three-membered one, Iso A is more stable than Iso B. In both Iso A and Iso B, the
ground electronic state is a doublet with a La 6s1-based valence electron configuration.
The remaining two electrons that are associated with the isolated La atom are spin paired
in a molecular orbital that is a bonding combination between the La 5dπ orbital and the
diene π* antibonding orbital. Removal of the La 6s electron by ionization yields a singlet
ion.
The observed MATI spectrum is assigned to the 1A ← 2Α transition of Iso A.
This assignment is supported by the agreement between the measurement and
computation (Table 6.3 and Figure 6.2). Table 6.3 summarizes the measured and
calculated AIEs and vibrational frequencies, and Figure 6.2 compares the measured
spectrum to the simulated vibronic spectrum of the 1A ← 2A transition of Iso A. The 0-0
transition in the simulation is aligned with the experimental origin band, but the
computed vibrational frequencies are unscaled in order to directly compare with the
measured spectrum. Based on the spectral simulation, the 352 and 427 cm-1 vibronic
progressions are assigned to excitations of a La-ligand symmetric stretch coupled with a
129

CH3 rock (ν32+) and a La-C1/C4 symmetric stretch (ν30+) in the 1A ion. The weak 100,
235, 295, 474, and 502 cm-1 vibronic bands are attributed to a CH3 wag (ν36+), a C1-LaC4 bend (ν34+), a La-C1/C4 asymmetric stretch (ν33+), a CH2 twist (ν29+) around C4, and
another CH2 twist (ν28+) around C1 in the 1A ion as well. The hot bands at 110 and 342
cm-1 are due to thermal excitations of the CH3 wag (ν36) and La-ligand stretch (ν32) in the
2

A neutral state. We have also considered a possible contribution from the ionization of

Iso B, but it is excluded because the simulated transition is not consistent with the
observed spectrum in both vibrational frequencies and spectral intensities (Figure 6.2c).
The formation of Iso A is exothermic without energy barriers as illustrated in
Figure 6.4. The figure presents the DFT/B3LYP computed stationary points, including
reactants La + isoprene, intermediate state IM1, transition state TS1, and the product Iso
A in their doublet spin states (except for isoprene which is in a singlet state). Energies of
the stationary points are reported in Table 6.4. IM1 is the same species as Iso B formed
by La addition to the trans isoprene and is located at 48.9 kcal mol-1 below the reactants
in energy. Isomerization from IM1 to Iso A via TS1 shifts La bonding sites from the
middle to terminal carbons and rotates the C2C3 bond to facilitate the formation of the
five-membered metallacycle.

The isomerization process is thermodynamically and

kinetically favorable because Iso A is more stable than IM1, and TS1 is lower in energy
than La + isoprene. Because of the low energy of TS1, IM1 has tendency to convert to
Iso A even though it is predicted to be situated in the valley between the reactants and the
transition state. This may explain why IM1 was not detected in our MATI measurements.
Different from La + butenes, La + butynes, or La + pentenes reactions, we found no
association product but the dehydrogenated species as the major product.
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The

comparison of the isoprene and these reactions under similar conditions suggests that the
butadiene molecule is less reactive than the butenes or butynes. The lower reactivity of
isoprene is largely due to the electron delocalization in the conjugated diene where all
backbone carbons are in sp2 hybridization.

6.3.3 MATI spectroscopy, structure, and formation of La(C2H2)
Even though the number density of La(C2H2) was very low from the La +
isoprene reaction (Figure 6.1), we succeeded in obtaining a sharp MATI spectrum for this
species (Figure 6.5a). The spectrum exhibits a strong origin band at 41174 (5) cm-1, a
522 cm-1 progression with up to two quanta and a weak band at 806 cm-1 to the blue of
the origin band, and a hot band at 495 cm-1 to red of the origin band. The origin band and
vibronic transition energies are the same as those observed for La(C2H2) produced in La
reactions with ethylene and 1,3-butadiene,59, 62 though the signal to noise ratios are not as
good due to a much lower number density of the species formed in this reaction. The
spectrum can easily be assigned to the 1A1 ← 2A1 transition of lanthanacyclopropene (C2v,
Figure 6.3c) by comparing with the spectra of La(C2H2) from the ethylene and 1,3butadiene reactions, and with the simulated spectrum in Figure 6.5b. The transition
energy of the origin band, 41174 cm-1, corresponds to the AIE of the species. The 522
cm-1 progression is due to excitations of the La-C2H2 symmetric stretch (ν4+) and the 806
cm-1 vibronic band to the in-plane C-H bend (ν3+) in the 1A1 ion, and the 459 cm-1 hot
band is assigned to the thermal excitation of the metal-ligand stretch in the 2A1 neutral
species (Table 6.3). It is noted that the spectrum of La(C2H2) is vibrationally much hotter
than that of La(C5H8) because a temperature of ~ 500 K is required to simulate the 495
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cm-1 hot band of the La(C2H2) spectrum (Figure 6.5b), whereas a temperature of ~ 200 K
is sufficient for simulating the 110 and 342 cm-1 hot bands of the La(C5H8) Iso A
spectrum (Figure 6.2b). Different vibrational temperatures for molecules of various sizes
seeded in molecular beams are not unusual because the internal modes of the molecules
are typically not at thermal equilibria.

Generally, smaller molecules with higher

vibrational-frequency modes have higher vibrational temperatures than larger molecules
with softer vibrational modes. It is also noted that the vibrational temperature of La(C2H2)
formed in the La + isoprene reaction is considerably higher (~ 500 K) than that of
La(C2H2) from the La + ethylene reaction (~ 300 K).59 This is because La(C2H2) formed
by the C-C bond cleavage of isoprene is strongly exothermic (by 20.6 kcal mol-1) as
discussed below, whereas La(C2H2) formed through the dehydrogenation of ethylene is
only weakly exothermic (by 4.7 kcal mol-1). A reaction with higher exothermicity is
expected to deposit more energy in the internal modes of resultant products than a
reaction with lower exothermicity.
A plausible reaction pathway for the formation of La(C2H2) from the La +
isoprene reaction is illustrated in Figure 6.6. It includes La association and insertion, H
migration, and C-C bond cleavage. La addition to form association species Iso A has
been discussed in a previous paragraph. The second step is La insertion into a C-H bond
of the CH2 group in the C4 position to form inserted species IM2. Following the La-H
rotation through TS3,

the La-bonded H is migrated to C3 and a new

lanthanacyclopentene, IM3, is formed with La bonding to both terminal carbon atoms.
Although IM3 and Iso A are both five-membered metallacycles, their structures are
considerably different, and IM3 is significantly less stable. In IM3, the carbon backbone
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is non planar with C3C4 being a double bond, C1C2 and C2C3 being single bonds, and
the five-membered ring in a boat-like conformation. On the other hand, the carbon
backbone in Iso A is planar with CC distances longer than a C=C double bond but shorter
than a C-C single bond (1.388-1.455 Å) and the five-membered ring in a chair-like shape.
Like an organic cyclic molecule, the boat-like conformer IM3 is less stable than the
chair-like conformer Iso A. Additionally, the delocalized CC bonds are expected to
contribute to the stability of Iso A. The last step is the C2C3 bond cleavage to form
La(C2H2) + propene. The cracking of the C2C3 bond is facilitated via TS4, where one of
the La binding sites shifts from C1 to C3 and the C1C2 bond become a double bond. The
whole process is exothermic by 20.6 kcal mol-1 and has no barriers above the reactant
energies.

6.3.4 MATI spectroscopy, structure, and formation of La(C3H4)
The MATI spectrum of La(C3H4) (Figure 6.7a) exhibits a strong origin band at
40509 (5) cm-1 and weak bands at 224, 433, and 572 cm-1 above the origin band. The
spectrum resembles one of the two band systems observed for La(C3H4) formed through
La-mediated dehydrogenation of propene.60 In the previous study of the La + propene
reaction, four isomers of La(C3H4) were considered, and two of which, La(CHCCH3) (Cs)
and La(CHCHCH2) (C1), were detected with MATI spectroscopy. By comparing with
the MATI spectrum of La(C3H4) formed in the La + propene reaction and with the
simulated spectrum in Figure 6.7b, the experimental spectrum in Figure 6.7a is assigned
to the 1A′ ← 2A′ transition of La(CHCCH3) (Cs, Figure 6.3d). The 224, 433, and 572 cm-1
vibronic bands are attributed to excitations of a C2-CH3 in-plane bend (ν12+), a La-C2
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stretch coupled with a C2-CH3 in-plane bend (ν11+), and a La-C1 stretch coupled with
C1-H in-plane bend (ν10+) of the 1A′ ion. The calculated frequencies for the ν12+, ν11+, and
ν10+ modes are 222, 442, and 570 cm-1, which are in excellent agreement with the
measured values (Table 6.3).
The reaction pathway for the formation of La(CHCCH3) is similar to that of
La(C2H2), which involves La addition and insertion, H migration, and C-C bond cleavage
as illustrated in Figure 6.8. However, the C-H bond that is activated by La insertion and
the carbon atom to which H atom migrates are different between the pathways for the
formation of the two species. In the formation of La(C2H2) (Figure 6.6), La inserts into a
C4-H bond (IM2) and the La-bonded H migrates to C2 (IM3); on the other hand, in the
formation of La(CHCCH3) (Figure 6.8) La insertion occurs at a C1-H bond (IM5) and the
H migration occurs at C3 (IM6). Nevertheless, because C4-H and C1-H bonds are very
similar, energies required for La insertion into the two C-H bonds (TS2 and TS5) are
almost identical and so are the energies of the resultant inserted species (IM2 and IM5)
(Table 6.4). Likewise, the barriers for the La-bonded H migrations (TS3 and TS6) are
close and so are the resultant five-membered lanthanacycles (IM3 and IM6). The main
difference between IM3 and IM6 is the location of the C=C double bonds, which are
C3=C4 in IM3 and C1=C2 in IM6. The cleaved C-C bonds in the formation of both
La(C2H2) and La(CHCCH3) are the same C2-C3 bond. The different products from
cracking the same bond are due to the methyl substitution of a H atom in 1,3-butadiene,
which yields an asymmetric butadiene with respect to the center point of the C2-C3
single bond.
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6.4 Conclusions
We have reported the MATI spectra and formation of La(C5H8), La(C2H2) and
La(C3H4) formed through La addition and C-C bond cleavage of isoprene. The spectra of
all three species display a single band system consisting of a strong origin band and
several weak vibronic bands. The MATI measurements yield the AIEs and metal-ligand
stretching and ligand-based bending frequencies for the three species. Comparing the
spectroscopic measurements with quantum chemical calculations allows for the
identification of the structures and electronic states of these species. La(C5H8) is a fivemembered metallacycle, whereas La(C2H2) and La(C3H4) are both three-membered ring.
The ground state of each species is a doublet state with a La based 6s1 electron
configuration, and the lowest-energy state of the corresponding ion is a singlet state upon
the removal of the La 6s1 electron. Because of the largely non-bonding nature of the La
6s1 electron, ionization has a small effect on the geometry of the neutral state of each
species. Computational reaction pathways show that the formation of La(C5H8) involves
La addition and isoprene isomerization; the formation of La(C2H2) and La(C3H4) each
consists of La addition, La insertion into a C-H bond, H migration, and C-C bond
cleavage; and the formation of the all three species are thermodynamically and kinetically
favorable. The observation of both La(C2H2) and La(C3H4) confirms that the carboncarbon bond cracking occurs at the C2-C3 bond of isoprene.
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Table 6.1: Geometric parameters of the two isomers of La(C5H8) in various electronic
states from the DFT/B3LYP calculations. Bond lengths are in Å and bond angles in
degrees. Carbon atomic numberings are shown in Figure 6.3.
Parameter

La-C1
La-C2
La-C3
La-C4
C1-C2
C2-C3
C3-C4
C2-C5
La-C1-C2
La-C4-C3

La-C1
La-C2
La-C3
La-C4
C1-C2
C2-C3
C3-C4
C2-C5
La-C1-C2
La-C4-C3

La(C5H8) (Iso A), C1
2
A
2.518
2.692
2.661
2.496
1.451
1.388
1.455
1.512
80.5
80.0
La(C5H8) (Iso B), C1
2
A
2.634
2.516
2.519
2.650
1.439
1.410
1.437
1.515
69.3
68.9
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1

A
2.446
2.647
2.601
2.420
1.455
1.392
1.460
1.509
81.1
80.0
1

A
2.529
2.424
2.486
2.655
1.444
1.415
1.420
1.513
69.1
67.5

Table 6.2: Molecular point groups, electronic states, and relative energies (cm-1) of
La(C5H8) two isomers, La(C2H2), and La(C3H4) from the DFT/B3LYP and
CCSD(T)//B3LYP calculations. The energies of Iso B of La(C5H8) are relative to that of
Iso A doublet ground state.
Complex
La(C5H8), Iso A

La(C5H8), Iso B

La(C2H2)

La(C3H4)

Point Group

State

EB3LYP

ECCSD(T)

C1

2

A

0

0

C1

1

A

39600

38692

C1

2

A

3559

2823

C1

1

A

44322

42320

C2v

2

A1

0

0

C2v

1

A1

42107

40889

Cs

2

A′

0

0

Cs

1

A′

41214

40229
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Table 6.3: Adiabatic ionization energies (AIEs, cm-1) and vibrational frequencies (cm-1)
of La(C5H8) (Iso A), La(C2H2), and La(C3H4) from MATI spectroscopy and DFT/B3LYP
and CCSD(T)//B3LYP calculations. νn+ and νn are vibrational modes in the ionic and
neutral states, and the energies in parentheses are from CCSD(T)//B3LYP calculations.
Comple

MATI

x

B3LYP

Mode descriptiona

(CCSD(T))

La(C5H8) (Iso A), C1, 1A ← 2A
AIE

39007

39600(38692)

v36+ / v36

100/110

120/118

+
v34

235

246

C1-La-C4 bend

+
v33

295

292

La-C1/C4 asymmetric stretch

v32+ / v32

352/342

350/339

La-ligand stretch & CH3 rock

+
v30

427

429

La-C1/C4 symmetric stretch

+
v29

474

478

CH2 twist around C4

+
v28

502

506

CH2 twist around C1

CH3 wag

La(C2H2), C2v, 1A1 ← 2A1
AIE

41174

42107(40889)

v4+ / v4

522/495

528/498

v3+

806

832

La-ligand symmetric stretch
in-plane C-H bend

La(C3H4), Cs, 1A′ ← 2A′
AIE

40509

41214(40229)

v12+

224

222

C2-CH3 in-plane bend

v

433

442

La-C2 stretch & C2-CH3 in-plane bend

v10+

572

570

La-C1 stretch & C1-H in-plane bend

+
11

a

See Figure 6.3 for the numbering of carbon atoms.
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Table 6.4: Total energies (E, hartree) and relative energies (Erel, kcal mol-1) without and
with ZPE corrections of the intermediates (IMn) and transition states (TSn) and
imaginary frequencies (IMG, cm-1) of TSn for the reaction of La with isoprene reaction
from the DFT/B3LYP calculations.
Species
La + isoprene
IM1(IsoB)
IM2
IM3
IM4
IM5
IM6
IM7
TS1
TS2
TS3
TS4
TS5
TS6
TS7
La(C5H8)(Iso A)
La(C2H2)+C3H6
La(C3H4)+C2H4

IMG

206i
700i
942i
268i
738i
968i
237i

E
wo/ ZPE
-630.912446
-630.988305
-630.971767
-630.972468
-630.950163
-630.971885
-630.977170
-630.950135
-630.946248
-630.947518
-630.941611
-630.940864
-630.946808
-630.943775
-630.944844
-631.004562
-630.939170
-630.938797
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Erel
w/ ZPE
-630.799491
-630.877467
-630.868391
-630.862026
-630.842245
-630.868356
-630.866908
-630.842117
-630.837316
-630.842798
-630.836424
-630.832351
-630.842473
-630.838575
-630.836333
-630.893681
-630.832355
-630.832438

wo/ ZPE
0.0
-47.6
-37.2
-37.7
-23.7
-37.3
-40.6
-23.6
-21.2
-22.0
-18.3
-17.8
-21.6
-19.7
-20.3
-57.8
-16.8
-16.5

w/ ZPE
0.0
-48.9
-43.2
-39.2
-26.8
-43.2
-42.3
-26.7
-23.7
-27.2
-23.2
-20.6
-27.0
-24.5
-23.1
-59.1
-20.6
-20.7

La(C7H8)

La(C5H6)

La(C3H4)

La(C2H2)
LaO

La

La(C5H8)
Figure 6.1. TOF mass spectrum of La + isoprene reaction recorded at 235 nm ionization
laser wavelength.

140

110
342

39007

100

235
295
474
502
*1*2

352
427
*3

(a)

(b)

(c)

Figure 6.2. MATI spectrum of La(C5H8) produced from La with isoprene reaction (a),
and simulations of the 1A ← 2A transitions of Iso A (b) and Iso B (c) of La(C5H8) at 200
K. The bands marked with “*” are combination bands.
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5
2
1

5
3

2

1

4
(a)

4

3

(b)

1

2
3

(c)

(d)

Figure 6.3. Structures of La(C2H2) (a), La(C3H4) (b), and Iso A (c) and Iso B (d) of
La(C5H8) from DFT/B3LYP calculations.
La + isoprene

TS1

IM1(Iso B)
Iso A

Figure 6.4. Reaction pathway and energy profile for the formation of La(C5H8) (Iso A)
from the La + isoprene reaction calculated at the DFT/B3LYP level, where IMn stands
for intermediates and TSn transition states.
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41174

806
522

495

*

(a)

*

*

(b)

Figure 6.5. MATI spectrum of La(C2H2) from the La with isoprene reaction (a) and the
simulation of the 1A1 ← 2A1 transition of the La(C2H2) at 500 K. The binds marked with
“*” are due to LaO ring signal affection, and are not real bands from La(C2H2).
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La + isoprene

+
TS1

TS2

TS3

IM2

TS4 Products
IM4

IM3

IM1
(Iso B)
Iso A

Figure 6.6. Reaction pathway and energy profile for the formation of La(C2H2) from the
La + isoprene reaction calculated at the DFT/B3LYP level, where IMn stands for
intermediates and TSn transition states.

40509

224

433

572

(a)

(b)

Figure 6.7. MATI spectrum of La(C3H4) from the La with isoprene reaction (a) and the
simulation of the 1A′ ← 2A′ transition of the La(C3H4) at 300 K.
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La + isoprene

+
TS1

TS5

TS6

IM5

TS7

Products
IM7

IM6

IM1
(Iso B)
Iso A

Figure 6.8. Reaction pathway and energy profile for the formation of La(C3H4) from the
La + isoprene reaction calculated at the DFT/B3LYP level, where IMn stands for
intermediates and TSn transition states.
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CHAPTER 7. LANTHANUM-MEDIATED DEHYDROGENATION AND C-C
BOND CLEAVAGE OF 1,4-PENTADIENE AND 1-PENTYNE
7.1 Introduction
1,4-pentadiene and 1-pentyne are two other common isomers of C5H8. We have
discussed the MATI spectroscopic study of the La atom reaction with another C5H8
isomer, isoprene (2-methyl-1,3-butadiene) in the previous chapter. The mass spectrum of
the La + isoprene reaction shows the formation of La(CnHm) (n = 2, 3, 5, and 7; m = 2, 4,
6, and 8) through primary and secondary reactions.

The primary reactions include

molecular association [La(C5H8)], dehydrogenation [La(C5H6)], and C-C bond cleavage
[La(C2H2) and La(C3H4), whereas the secondary reaction [La(C7H8)] involves addition of
a second isoprene molecule to one of the C-C bond cleaved species La(C2H2) followed by
the loss of H2. Among these metal-hydrocarbon species, the adduct La(C5H8) is by far
the most predominant, all other species from the primary reactions are relative minor, and
the only species from the secondary reaction is even less.

Both isoprene and 1,4-

pentadiene possess two C=C double bonds, two C-C single bonds, and eight C-H bonds,
but they are not strictly comparable. The former has three C(sp3) -H bonds and five
C(sp2)-H bonds, while the latter has two and six, respectively. Also, the two single C-C
bonds of the 1,4-diene are both sp2-sp3 bonds, while in isoprene, one is sp2-sp3 and the
other sp2-sp2. Therefore, La reactions with these two diene molecules may yield different
products or product distributions. Previously, Peake and Gross studied the Fe+ reactions
with a series of alkynes and alkadienes with collision activated dissociation mass
spectrometry and suggested that the alkyne complexes rearrange by insertion of Fe+ into
the propargylic C-C bond followed by abstraction of a β-H atom from the resulting alky
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fragment.186 Ni and Harrison investigated reactions of the first row transition metal ions
with six C5H8 isomers using quadruple cell mass spectrometry.187

Although late

transition ions (Cr+ -Cu+) reacted primarily by clustering to give metal-hydrocarbon
adducts, the early transition ions (Sc+, Ti+ and V+) showed a high reactivity involving CH and C-C bond breakages and gave distinctively different mass spectra with each of the
C5H8 isomers.
This work aims to investigate differences between 1,4-pendadiene and isoprene
reactions and possible isomerization between 1,4-pentadiene and 1-pentyne in their
reactions with La atom. Photoionization TOF MASS SPECTROMETRY is used to
identify masses of reaction products, MATI spectroscopy to probe quantum-state specific
energies and molecular structures, and electronic structure calculations to search for
possible pathways for the formation of the products. To our knowledge, this is the first
vibronic spectroscopic measurements of metal-hydrocarbon radicals formed by metal
atom reactions with 1,4-pentadiene or 1-pentyne.

7.2 Experimental and computational methods
The metal-cluster beam instrument used in this work consists of reaction and
spectroscopy vacuum chambers and was described in Section 2.1. The La-hydrocarbon
reactions were carried out in a laser-ablation metal cluster beam source. La atoms were
generated by Nd:YAG pulsed laser (Continuum Minilite II, 532 nm, ~1.0 mJ/pulse)
ablation of a La rod (99.9%, Alfa Aesar) in the presence of a He (99.998%, Scott Gross)
carrier gas (40 psi) delivered by a home-made piezoelectric pulsed valve (Physik
Instrumente P-286.20). Vapor of 1,4-pentadiene (99%, Aldrich) or 1-pentyne (99%,
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Aldrich) was introduced three centimeters downstream of the laser ablation point, from
which La atoms, He carrier gas, and the hydrocarbon vapor entered into a collision tube
(2 mm inner diameter, 2 cm length) and were then expanded into the reaction chamber to
form a molecular beam. The molecular beam was collimated by a cone-shaped skimmer
(2 mm inner diameter) and passed through a pair of deflection plates between which an
electric field of 100 V cm-1 was applied. Ionic species in the molecular beam that were
formed by laser ablation were removed by this electric field, and neutral molecules
entered the spectroscopy chamber where they were analyzed by photoionization TOF
mass spectrometry.
Prior to the MATI measurements, photoionization efficiency spectra of Lahydrocarbon radicals were recorded to locate an approximate ionization threshold to
guide MATI scans. In the MATI experiment, the La-hydrocarbon radicals were excited
to high-lying Rydberg states in a single-photon process and ionized by a delayed pulsed
electric field. The excitation laser was the frequency doubled output of a tunable dye
laser (Lumonics HD-500), pumped by the third harmonic output (355 nm) of a Nd:YAG
laser (Continuum Surelite II). The laser beam was collinear and counter propagating with
the molecular beam. The ionization pulsed field (320 V cm-1), which was also used for
extracting and accelerating ions into the field free region, was generated by two high
voltage pulse generators (DEI PVX-4140) and delayed by ~ 20 μs from the laser pulse by
a delayed pulsed generator (SRS DG645). A small dc field (6.0 V cm-1) from another
power supply (GW INSTEK GPS-30300) was used to separate the ions produced by
direct photoionization from the MATI ions generated by the delayed field ionization.
The MATI ion signals were obtained by scanning the tunable dye laser, detected by a
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dual microchannel plate detector, amplified by a preamplifier (SRS SR445), visualized
by a digital oscilloscope (Tektronix TDS 3012), and stored in a laboratory computer.
Laser wavelengths were calibrated against titanium atomic transitions in the MATI
spectral region,144 and the calibration was done after recording the MATI spectra. The
Stark shift on the AIE induced by the dc field was calculated using Equation 1.3.
Geometry optimization and vibrational frequency calculations were carried out
using DFT/B3LYP and 6-311+G(d,p) basis set for C and H atoms and SDD basis set for
La.

No symmetry restrictions were imposed in initial geometry optimizations, but

appropriate point groups were used in subsequent optimizations to help identify
electronic symmetries. For each optimized stationary point, a vibrational analysis was
performed to identify the nature of the stationary point (minimum or saddle point) and to
help analyze spectral profile. To refine the energies of the electronic states, single-point
energy calculations were carried out with the coupled cluster with CCSD(T) method.
These calculations involved the third-order DKH relativistic correction and were at the
DFT/B3LYP optimized geometries. Basis sets used in the CCSD(T) calculations were
cc-pVTZ-DK for C and H and cc-pVTZ-DK3 for La. In predicting reaction pathways,
minima and transition states were located using the same methodology that was used for
geometry optimization. The minima connected by each transition state were confirmed
by intrinsic reaction coordinate calculations. The DFT calculations were performed with
the Gaussian 09 software package, whereas the CCSD(T) calculations were carried out
with MOLPRO 2010.1.
To compare with the experimental MATI spectra, multi-dimensional FCF were
calculated from the equilibrium geometries, harmonic vibrational frequencies, and
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normal coordinates of the neutral and ionized complexes. Spectral simulations using our
homemade software package were obtained using the experimental line width and
Lorentzian line shape. Transitions from excited vibrational levels of the neutral complex
were considered by assuming thermal excitation at a vibrational temperature where
calculated intensities best reproduce observed ones.

In comparing calculated with

measured spectra, the 0-0 transition in the simulation is aligned with the experimental
origin band, but the computed vibrational frequencies are unscaled in order to directly
compare with the measured spectrum.

7.3 Results and discussion
7.3.1 TOF mass spectra and La-hydrocarbon species
Figure 7.1 displays the TOF mass spectra from La reactions with 1,4-pentadiene
and 1-pentyne recorded at 240 nm photoionization.

The mass spectra of the two

reactions are essentially the same and show a strong La(C5H6) peak and a weak La(C3H4)
peak. La(C5H6) is presumably formed by the loss of a H2 molecule, while La(C3H4) by
C2H4 elimination from 1,4-pentadiene or 1-pentyne. The observation of the same metalhydrocarbon radicals suggests that the formation of each species may proceed through a
common intermediate in the two reactions, or isomerization occurs before the
dehydrogenation or C-C cleavage takes place. The major difference between these two
C5H8 isomers and isoprene is that the former reactions produce predominantly a
dehydrogenated species, while the latter yields primarily an association complex. This
observation may not be surprising because isoprene is expected to be less reactive due to
its bond conjugation. Another difference is that only one C-C cleaved product La(C3H4)
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is observed in the 1,4-pentadiene and 1-pentyne reactions, while two, La(C3H4) and
La(C2H4), are produced from isoprene with a less symmetric carbon skeleton. In addition
to the metal-hydrocarbon species, each of the mass spectra shows a strong LaO peak.
LaO could be formed by the La reaction with oxygen present in the carrier gas as an
impurity or by laser vaporization of LaO impurity in the La rod.

7.3.2 MATI spectra and isomers of La(C5H6)
Figure 7.2 shows the MATI spectra of La(C5H6) from the La reactions with 1,4pentadiene and 1-pentyne. The spectrum of La(C5H6) from the 1,4-pentadiene reaction
(Figure 7.2a) displays the strongest origin band at 37945 (5) cm-1; 321 and 420 cm-1
progressions, each with two vibrational quanta, and a weak band at 547 cm-1 at the higher
energy side of the origin band; and two hot bands at 275 and 362 cm-1 below the origin
band. Additionally, it exhibits combination bands in the higher energy region that are
marked with “*1-*3” and “#1-#3”. “*1” and “*2” are combinations of n x 321 + 420
cm-1 bands (n = 1 and 2), “*3” is the combination of 321 + 547 cm-1 bands, and “#1-#3”
are combinations of n x 420 + 547 cm-1 (n = 1 and 2) and 420 + 2 x 547 cm-1 bands,
respectively. The strong origin band and short spectral profile suggest that ionization has
a small effect on the molecular geometry. The spectrum of La(C5H6) from the 1-pentyne
reaction (Figure 7.2b) is essentially identical to that from the 1,4-pentadiene reaction in
the range of 37800 – 39000 cm-1 where stronger transitions are observed. On the other
hand, due to poorer signal to noise ratio, weaker transitions beyond this region was not
resolved. Nevertheless, the identical AIE and vibronic bands observed in the two spectra
indicate that the La(C5H6) radical formed in the two reactions have the same structures.
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Figure 7.3 presents the structures of 1,4-pentadiene (a), 1-pentyne (b) and four
possible isomers of La(C5H6) (c-d). Without going into detailed reaction pathways, Iso A
[La(CH2CHCHCHCH)] can be considered to be formed from the 1,3- or 3,5dehydrogenation of 1,4-pentadiene and Iso B [La(CH2CHCHC(CH2))] from the 2,3- or
3,4-dehydrogenation of the diene molecule, while Iso C [La(CHCCHCH(CH3))] and Iso
D [La(CHCCHCH2CH2)] may be formed from 3,4- and 3,5-dehydrogenations of 1pentyne, respectively.

We have also considered other possible isomers from

dehydrogenations of 1,4-pentadiene or 1-pentyne, but our calculations predict that they
are significantly higher in energy than the aforementioned isomers. Table 7.1 lists the
molecular point groups, electronic states, and relative energies of the two C5H8 isomers
and four isomers of La(C5H6). The ground states of the free ligands are singlets, while
those of the La(C5H6) are doublets. Ionization of the doublet La(C5H6) yield a singlet ion
by removing a La 6s based electron. 1,4-pentadiene is predicted to be more stable than 1pentyne by 9.3 kcal mol-1 at the CCSD(T) level, in excellent agreement with the
experimental value of 9.1 kcal mol-1 from calorimetry measurements.188, 189 Iso A is a
six-membered metallacycle with La binding to two terminal carbons (C1 and C5) and
more stable (by 9.3 kcal mol-1) than Iso B, a five-membered ring with La binding to C2
and C5. The more stable six-membered ring is likely due to its less strain energy as in
the case of cycloalkanes. The higher energy Iso C and Iso D may be described as La(η4allenylidene) and La(η3-allenylidene), respectively. Iso C is slightly more stable (by 4.1
kcal mol-1 at the CCSD(T) level) than Iso D because La in Iso C has one more La-C bond.
The observed MATI spectra in both reactions are assigned to the 1A ← 2A
transition of Iso A. This assignment is supported by the excellent agreement between the
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calculated and observed AIEs, vibrational frequencies, and spectral profiles (Table 7.2
and Figure 7.2). The 321 and 420 cm-1 vibronic progressions are assigned to excitations
of a La-C1/C5 asymmetric stretch (ν27+) and a C1-C2-C3 in-plane bend (ν26+) in the ion,
while the 547 cm-1 band is assigned to the excitation of a La-C5 stretch coupled with a
terminal CH2 rock (ν24+) in the ion. The hot bands at 275 and 362 cm-1 are due to thermal
excitations of the La-C1/C5 asymmetric stretch (ν27) and the C1-C2-C3 in-plane bend
(ν26) in the neutral state, respectively. The vibrational temperature of the La(C5H6) is
estimated to be ~ 200 K based on the intensities of the hot bands relative to that of the
origin band. The observation of a strong origin band and weaker vibronic transitions is
consistent with the theoretical predictions of similar neutral and ion geometries (Table
7.3). We have also considered possible contributions of Iso B, C, and D to the MATI
spectra, but they are excluded due to large errors in computed AIEs of these isomers
(Table 7.1) and mismatched spectral simulations (Figure 7.4). The calculated AIEs of Iso
B, C, and D at the CCSD(T) level are 40246, 41251, and 40527 cm-1, each is
considerably higher than the measured value of 37945 cm-1.

7.3.3 MATI spectra and isomers of La(C3H4)
Figure 7.5 presents the MATI spectra of La(C3H4) formed from the 1,4pentadiene and 1-pentyne reactions. The two spectra are essentially identical to each
other, indicating that the spectral carriers are the same in two cases. Previously, we
studied MATI spectra of La(C3H4) produced by La + propene60 and La + isoprene
reactions (Section 5.3.4) and identified two isomers from the propene reaction and one
from isoprene. The current spectra are similar to that of the propene-dehydrogenated
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La(C3H4) though the MATI signals are weaker due to the low number density of the
species produced in these C-C cleavage reactions. Thus, the current spectra can easily be
assigned to two band systems from ionization of two isomers (Figures 7.2g and 7.2h) by
comparing with spectral simulations (Figures 7.5c and 7.5d) and the MATI spectra of
La(C3H4) from the La + propene reaction. The 40942 cm-1 band system consisting of the
origin band at 40942 cm-1 and three weak bands at 140, 362 and 414 cm-1 is assigned to
the 1A ← 2A transition of La(CHCHCH2) (Iso 1), while the 40509 cm-1 band system
consisting of the origin band at 40509 cm-1 and two weak bands at 433 and 572 cm-1 is
attributed to the 1A′ ← 2A′ transition of La(CHCCH3) (Iso 2). The weaker signal of the
40509 band systems is consistent with the predicted higher energy of Iso 2. The 140,
362, and 414 cm-1 bands are assigned to a C-C-C out-of-plane bend (ν18+), a La-C2/C3
stretch (ν16+), and a La-C1/C2 stretch combined with a CH2 rock (ν15+) of Iso 1, while the
433 and 572 cm-1 bands are attributed to the La-C2 stretch combined with a C2-CH3 inplane bend (ν11+) and a La-C1 stretch mixed with a C1-H in-plane bend (ν10+) of Iso 2. It
is noted that the 433 and 572 cm-1 bands from Iso 2 are overlapped with the origin and
140 cm-1 bands of Iso 1, respectively. The observed AIEs and vibrational frequencies are
compared with computed values in Table 7.2. For the AIEs, the CCSD(T) values are
200-300 cm-1 smaller than the measured values, while the B3LYP values are 600-700 cm1

larger. The computed differences between the AIEs of the two isomers are 495 cm-1 at

the CCSD(T) level and 326 cm-1 at the B3LYP level, while the measured AIE difference
is 433 cm-1. For the vibrational frequencies, a reasonable agreement also exists between
the calculations and measurements. In addition to the aforementioned vibronic bands, the
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spectra also exhibit two other bands marked with “*”, which are from the ionization of
LaO.

7.3.4 Formation of La(C5H6) and two isomers of La(C3H4) from La + 1,4-pentadiene
Figures 7.6 and 7.7 present the DFT/B3LYP computed stationary points for the
formation of Iso A of La(C5H6) and two isomers of La(C3H4) from the La + 1,4pentadiene reaction,

These stationary points include reactants, intermediates (IMn),

transition states (TSn), and products in their doublet spin states.

Energies of the

stationary points are also reported in Tables 7.4.
The formation of Iso A of La(C5H6) from the La + 1,4-pentadiene reaction (Figure
7.6) involves La addition to a C=C double bond, La insertion into two C(sp3)-H single
bonds, and concerted H2 elimination. La addition to a C=C bond forms a π complex
(IM1). Upon the La addition, the C1C2 bond is elongated (from 1.331 to 1.513 Å) and
the ethenyl plane of the ligand is bent. This structural change suggests that the π bond is
broken between the C1 and C2 atoms and the two carbon atoms rehybridize from sp2 to
sp3. Thus, IM1 can be considered a three-membered metallacycle. The breakage of the
C-C π bond is over compensated by the formation of two La-C bonds and the resultant
metallacycle is more stable than the isolated reactants by 32.6 kcal mol-1 (Table 7.4). The
stabilization energy of La addition to 1,4-pentadiene is similar to those of La associations
with other small alkenes (ethylene, propene, and butenes).59, 60 The reaction could also
begin by La addition to two C=C double bonds of the ligand. However, the double
addition requires the trans-cis isomerization of the ligand, and the resultant π complex is
less stable than IM1 by 6.7 kcal mol-1. The second step is the activation of two C(sp3)-H
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bonds by La insertion (IM1-IM3). Prior to La insertion, the CH2=CH- group rotates
around the C3-C4 single bond to form IM2, which facilitates the β C-H bond insertion
and the formation of the inserted species IM3. Unlike IM2, the carbon skeleton in IM3 is
nearly planar, suggesting that carbon pπ electrons are delocalized over all five carbons.
The electron delocalization, the La η5 binding mode with the five carbons, and the
formation of the La-H bond makes IM3 more stable than IM2 even though a C-H bond is
broken from IM2 to IM3. Because of the electron delocalization, The C-C bond lengths
become very comparable (1.425 ± 0.005 Å), the carbons in all C-H bonds have similar
orbital hybridization characters, and IM3 possesses a reflection plane (i.e., HLaC3H).
The second La insertion occurs at a terminal C-H bond (C1-H or C5-H) with H pointing
inwards and yields a dihydrogen complex (IM4). IM4 is a dihydrogen complex rather
than a dihydride species because the H-H distance (0.757 Å) is about the same as that in a
free H2 molecule. The elimination of H2 produces Iso A. The whole process La + 1,4pentadiene → Iso +H2 is exothermic by 42.6 kcal mol-1 and has no positive barriers. We
have also considered possibilities of La insertion into the C3-H and C2-H (or C4-H)
bonds because all C-H bonds are comparable in their bond strengths (Figure 7.8).
However, our calculations show that La insertions into either C3-H (blue trace) or C2-H
(or C4-H) (red trace) bonds are kinetically less favorable than La insertion into the C1-H
(or C5-H) bond (black trace) because of their higher barriers.

Moreover, the five-

membered ring (Iso B) from La insertion into the C2-H (or C4-H) bond and the fourmembered ring from La insertion into the C3-H bond are less stable than Iso A from the
C1-H (or C5-H) insertion.
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The formation of the two isomers of La(C3H4) from La + 1,4-pentadiene is
illustrated in Figure 7.7. Previously, we investigated La-mediated C-C bond cleavage of
propene,60 butadiene,62 pentenes, and isoprene, and found that the C-C cleavage could
proceed via hydrogen migration followed by C-C cleavage or vice versa. The formation
of La(CH2) in the La + propene reaction, La(C2H2) in La + 1,3-butadiene, and La(C2H2)
and La(C3H4) in La + isoprene all follow the mechanism of hydrogen migration prior to
C-C bond cleavage, while the formation of La(C2H2) in the La + 1- and 2-pentene
reactions proceeds with an opposite order. In the La + 1,4-pentadiene reaction, the
formation of La(C3H4) Iso 1 is through hydrogen migration from C3 to C2, followed by
C2-C3 bond cleavage and ethylene elimination, and that of Iso 2 requires two hydrogen
migrations from C3 to C5 and C4 to C2 prior to the C2-C3 cleavage and ethylene
elimination. In both cases, the reaction begins with La addition to a C=C bond and
insertion into the C3(sp3)-H bond (i.e., La + 1,4-pentadiene → IM1→IM2→IM3) as
discussed in the previous paragraph. To form Iso 1, the La-bonded H in IM3 is migrated
to C2 to form a four-membered lanthanacycle La(CH2CH2CHCHCH2) (IM5). In this
four-membered ring, La is bonded with C1 and C3, the two C-C bonds inside the ring are
single bonds (1.545 and 1.572 Å), and the two C-C bonds outside the ring are between
single and double bonds (1.397 and 1.410 Å). IM5 is less stable than IM3 due to the
partial loss of the C 2p electron delocalization (from over 5 carbons to 3 carbons) and the
La-C bonding (from η5 to η2). Because it is weaker than the C3=C4 double bond, C-C
cleavage occurs preferably at the C2-C3 single bond to form (C2H4)La(CHCHCH2)
(IM6). Because the singlet C2H4 molecule has much weaker bonding with La than the
CHCHCH2 radical does, IM6 favors decomposition into La(CHCHCH2) + C2H4. The
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formation of Iso 2 requires several more steps as it involves two H migration. The first H
migration from the La-bonded H in IM3 to C5 forms a five-membered ring,
La(CH2CHCHCHCH3) (IM7). The second H migration from C4 to C2 involves La
insertion into a C4(sp3)-H bond to form an inserted species (IM8) and the La-bonded H
migrates to C5 to form another five-membered ring (IM9). Although both are fivemembered rings, IM7 is considerably more stable than IM9 (by 12.8 kcal mol-1). This
stability difference largely arises from their different conformations. IM7 is puckered as
an envelope shape that minimizes torsional strain compared to the less puckered IM9
with higher strain energy. In IM9, C1-C2, C2-C3, and C4-C5 are all single bonds, while
C3=C4 is a double bond. Although breaking any of the C-C single bonds would be
possible, the C2-C3 bond cleavage produces a singlet ethylene molecule and a
La(CHCCH3) radical (Iso 2), which is thermodynamically more favorable than cleaving
C1-C2 or C4-C5 bonds that would yield two radicals (a hydrocarbon fragment and a
metal-hydrocarbon complex).

We have also considered the formation of the two

La(C3H4) isomers in a reversed sequence (i.e. C-C cleavage prior to dehydrogenation).
However, the reversed reaction order is less favorable because the C2=C3 bond in either
IM3 or IM7 requires more energy to cleave than the C2-C3 single bond in IM5 or IM9.
The formation of the La(C3H4) two isomers from La + 1,4-pentadiene are
thermodynamically and kinetically favorable. The formation of Iso 1 is predicted to be
exothermic by 29.9 kcal mol-1 and that of Iso 2 is by 27.4 kcal mol-1. But both are
significantly less exothermic than the formation of La(C5H6) (42.6 kcal mol-1). The
computational predictions agree with the mass spectra that show a much stronger
La(C5H6) signal than La(C3H4). Moreover, because Iso 2 is less stable and produced
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through more reaction steps than Iso 1, the number density of Iso 2 is lower as shown by
its MATI signal.

7.3.5 Formation of La(C5H6) and two isomers of La(C3H4) from La + 1-pentyne
Unlike 1,4-pentadiene, simple dehydrogenation of 1-pentyne could not produce
La(C5H6) (Iso A) because the free ligand (CHCCH2CH2CH3) and the hydrocarbon
fragment (CHCHCHCHCH2) in La(C5H6) have different atomic connectivity. To form
the metal complex, isomerization must occur through hydrogen migration either before or
after metal coordination.

However, hydrogen migration without metal assistance is

expected to have a considerable energy barrier.

Isomerization of 1-pentyne to 1,4-

pentadiene is unlikely in our experiments for the ligand is introduce to the collision
chamber at ambient temperatures and without passing through the laser ablation region.
Our calculations show that the isomerization proceeds via La addition to 1-pentyne to
form La(1-pentyne), which then converts to IM3. Upon the formation of IM3, La + 1pentyne → La(C5H6) (Iso A) + H2 follows the same path as that of the La + 1,4pentadiene reaction discussed in Section 7.3.4. Thus, we will only describe the formation
and isomerization of La(1-pentyne) (Figure 7.9).
La addition to the triple bond in 1-pentyne forms a π-complex (IM11). Upon the
La addition, the C≡C triple bond is elongated (from 1.20 to 1.35 Å) and the C(sp)-H bond
is bent away from the H-C≡C- linear configuration.

Thus, the π-complex may be

considered a propyl substituted lanthanacyclopropene. The resultant three-membered
ring is lower in energy than the La + 1-pentyne reactants by 54.4 kcal mol-1 (Table 7.5).
The stabilization energy is similar to those of La additions to propyne (54.4 kcal mol-1),57
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1-butyne (52.4 kcal mol-1, Table 4.4), and 2-butyne (51.1 kcal mol-1, Table 4.4), but it is
considerably larger than that of La + 1,4-pentadiene (32.4 kcal mol-1). As a result, IM11
is more stable than La(1,4-pentadiene) (IM1) even though 1-pentyne is less stable than
the diene molecule. Alkynes are generally better electrophiles due to their lower-energy
empty C pπ orbitals and tend to have stronger back electron donations than alkenes,
which lead to shorter La-C bonds (2.294/2.325 Å) in IM11 than those in IM1
(2.367/2.372 Å).

Isomerization of IM11 to IM3 requires two H migrations, each

followed by the formation of a metallacycle. The first H migration from C3 to C2
(IM11-IM15) forms La(CHCHCHCH2CH3) (IM15), a metal-carbene complex with La
doubly bound to C1. To facilitate the C3, C2-H migration, the propyl group in IM11
rotates to bring one of the H atoms in the β position (i.e. C3) to the proximity of the La
atom (IM12) to enhance the La and H interaction. Such interaction weakens the C-H
bond (as shown by the elongation of the C-H bond from 1.100 Å in IM11 to 1.271 Å in
IM12) and promotes the La-H bond formation (IM13). IM12 is less stable than IM11 due
to the weakened C-H bond, while IM13 is more stable than IM12 due to the formation of
new C2=C3 and La-H bonds, which overcompensates the loss of a La-C bond. The La-H
bond in IM13 rotates to bring the H atom to the vicinity of the C2 atom (IM14) to
facilitate the H transfer from La to C2 (IM15). Therefore, the C3,C2-H migration
consists of two steps with H migration from C3 to La and then from La to C2. The
second H migration from C4 to C1 is similar to the first H shift from C3 to C2. It begins
with the formation of a four-membered metallacycle (IM16), proceeds with H shift from
C4 to La (IM17), and completes with H migration from La to C1 (IM18). Finally, IM3 is
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formed via a five-membered lanthanacycle intermediate (IM19). The La + 1-pentyne →
IM3 process is exothermic by 76.2 kcal mol-1 and has no positive barriers.
We have also considered the possible isomerization of La(1-pentyne) to other
intermediates along the La + 1,4-pentadiene → La(C5H6) (Iso A) + H2
coordinates and Iso C or Iso D to Iso A.

reaction

However, all these alternatives are less

favorable than La + 1-pentyne → IM3 → La(C5H6) (Iso A) + H2 discussed above. For
example, La + 1-pentyne → IM2 is predicted to have an energy barrier of 5.9 kcal mol-1
(Figure 7.10 and Table 7.5), while the isomerization of Iso C and Iso D have barriers up
to 33.0 and 28.8 kcal mol-1, respectively (Figure 7.11 and Table 7.5).
IM3 is the key intermediate for the formation of Iso 1 and Iso 2 of La(C3H4) in
the 1,4-pentadiene reaction and Iso A of La(C5H6) in both 1,4-pentadiene and 1-pentyne
reactions. It is also the most stable intermediate in these reactions (Figures 7.6, 7.7, and
7.9). Thus, it is not unreasonable to assume that IM3 could also be an intermediate for
the formation of the two La(C3H4) isomers in the La + 1-pentyne reaction, and from IM3
the C-C cleavage of 1-pentyne follows the same paths as those illustrated in Figure 7.8.
The main difference is that the exothermicity in the formation of the two La(C3H4)
isomers is slightly larger for 1-pentyne (40.1 kcal mol-1 for Iso 1 and 37.6 kcal mol-1 for
Iso 2) than for 1,4-pentadiene (29.9 kcal mol-1 for Iso 1 and 27.4 kcal mol-1 for Iso 2).

7.4 Conclusions
La atom reactions with 1,4-pentadiene and 1-pentyne in the gas phase show
dehydrogenation to be the main reaction channel and ethylene elimination the minor one.
Both reactions produce La(C5H6) from the dehydrogenation and La(C3H4) from the C-C
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bond cleavage. La(C5H6) is identified as a six-membered metallacycle in a C1 point group.
Two isomers of La(C3H4) are observed, which include a four-membered metallacycle
La(CHCHCH2) in a C1 pointe group and a three-membered ring La(CHCCH3) in Cs. The
ground electronic state of each species is a doublet with a La 6s1-based electron
configuration, and ionization of the neutral state yields a singlet state in a similar
geometry. For the La + 1,4-pentadiene reaction, La(C5H6) is formed via concerted H2
elimination, whereas the formation of the La(C3H4) two isomers involves the two H
migration, C-C bond cleavage, and ethylene elimination. For the La + 1-pentyne reaction,
the formation of La(C5H6) and La(C3H4) requires the isomerization of a La(1-pentyne)
adduct to a La inserted species in addition to those for the La + 1,4-pentadiene reaction.
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Table 7.1: Molecular point groups, electronic states, and relative energies (cm-1) of 1,4pentadiene, 1-pentyne, four isomers of La(C5H6), and two isomers of La(C3H4) from
B3LYP and CCSD(T)//B3LYP calculations. All energies (cm-1) are relative to the energy
of the most stable isomer of the free ligand, La(C5H6), and La(C3H4). Energies in
parentheses are from CCSD(T)//B3LYP calculations.
Complex

Point Group

1,4-pentadiene

C1

1

1-pentyne

Cs

1

La(C5H6), Iso A

C1

2

A

0(0)

C1

1

A

38591(37571)

C1

2

A

2577(3257)

C1

1

A

42823(42493)

C1

2

A

4045(4063)

C1

1

A

45290(44273)

C1

2

A

5358(5485)

C1

2

A

45885(45184)

C1

2

A

0(0)

C1

1

A

41535(40711)

Cs

2

A′

856(909)

Cs

1

A′

42070(41125)

La(C5H6), Iso B

La(C5H6), Iso C

La(C5H6), Iso D

La(C3H4), Iso 1

La(C3H4), Iso 2
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State

EB3LYP(CCSD(T))

A

0(0)

A′

3562(3265)

Table 7.2: Adiabatic ionization energies (AIEs, cm-1) and vibrational frequencies (cm-1)
of La(C5H6) (Iso A), and La(C3H4) (Iso 1 and Iso 2) from MATI spectra and B3LYP and
CCSD(T)//B3LYP calculations. νn+ and νn are vibrational modes in the ionic and neutral
states, and the energies in parentheses are from CCSD(T)//B3LYP calculations.
Comple
x

MATI

B3LYP [CCSD(T)]

Mode descriptiona

La(C5H6) (Iso A), C1, 1A ← 2A
AIE

37945

38591(37571)

+
v27
/ v27

321/275

313/282

La-C1/C5 asymmetric stretch

+
v26
/ v26

420/362

407/376

C1-C2-C3 in-plane bend

+
v24

547

553

La-C5 stretch & CH2 rock

La(CHCHCH2) (Iso 1), C1, 1A ← 2A
AIE

40942

41540(40711)

v18+

140

156

C-C-C out-of-plane bend

v16+

362

362

La-C2/C3 stretch

v15+

414

451

La-C1/C2 stretch & CH2 rock

La(CHCCH3) (Iso 2), Cs, 1A′ ← 2A′
AIE

40509

41214(40216)

+
11

433

442

La-C2 stretch & C2-CH3 in-plane bend

+
10

572

570

La-C1 stretch & C1-H in-plane bend

v
v
a

Carbon atomic numbering is shown in Figure 7.3.
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Table 7.3: Geometric parameters of Iso A of La(C5H6) and the two isomers of La(C3H4)
in various electronic states from the DFT/B3LYP calculations. Bond lengths are in Å and
bond angles in degrees. Carbon atomic numberings are shown in Figure 7.3.
Parameter

La-C1
La-C2
La-C3
La-C4
La-C5
C1-C2
C2-C3
C3-C4
C4-C5
La-C1-C2
La-C5-C4

La-C1
La-C2
La-C3
C1-C2
C2-C3
La-C1-C2
La-C1-C2-C3

La-C1
La-C2
C1-C2
C2-C3
C1-C2-C3

La(C5H6) (Iso A), C1
2
A
2.330
2.753
2.700
2.748
2.584
1.371
1.467
1.403
1.406
92.4
81.2
La(C3H4) (Iso 1), C1
2
A
2.319
2.662
2.456
1.371
1.477
88.5
26.4
La(C3H4) (Iso 2), Cs
2
A
2.294
2.321
1.346
1.501
130.0
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1

A
2.275
2.696
2.651
2.702
2.483
1.371
1.468
1.404
1.406
92.0
83.1
1

A
2.255
2.603
2.382
1.373
1.486
88.2
22.7
1

A
2.234
2.276
1.352
1.496
131.4

Table 7.4: Total and relative ZPE corrected electronic energies (E and Erel, hartree) of the
intermediates (IMn) and transition states (TSn) and imaginary frequencies (IMG, cm-1) of
TSn for the reaction of La with 1,4-pentadiene from the DFT/B3LYP calculations.
Species
La + 1,4-pentadiene
IM1
IM2
IM3
IM4
IM4a
IM4b
IM5
IM5a
IM5b
IM6
IM7
IM8
IM9
IM10
TS1
TS2
TS3
TS3a
TS3b
TS4
TS4a
TS4b
TS5
TS6
TS7
TS8
TS9
La(C5H6) + H2
La(CH2CHCCHCH2) + H2
La(CH2CHCHCCH2) + H2
La(C3H4) (Iso 1) + C2H4
La(C3H4) (Iso 2) + C2H4

IMG

139i
865i
1097i
897i
690i
963i
1084i
935i
46i
866i
713i
983i
229i

E
-630.788757
-630.840780
-630.839145
-630.893916
-630.855849
-630.837166
-630.846556
-630.881644
-630.831440
-630.843591
-630.858871
-630.884340
-630.868874
-630.863927
-630.841640
-630.835724
-630.829971
-630.841424
-630.805270
-630.829711
-630.854862
-630.798326
-630.812886
-630.841357
-630.864929
-630.844384
-630.836541
-630.836472
-630.856716
-630.831716
-630.844976
-630.836417
-630.832464
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Erel
0.0
-32.6
-31.6
-66.0
-42.1
-30.4
-36.3
-58.3
-26.8
-34.4
-44.0
-60.0
-50.3
-47.2
-33.2
-29.5
-25.9
-33.0
-10.4
-25.7
-41.5
-6.0
-15.1
-33.0
-47.8
-34.9
-30.0
-29.9
-42.6
-27.0
-35.3
-29.9
-27.4

Table 7.5: Total and relative ZPE corrected electronic energies (E and Erel, hartree) of the
intermediates (IMn) and transition states (TSn) and imaginary frequencies (IMG, cm-1) of
TSn for the reaction of La with 1-pentyne from the DFT/B3LYP calculations.
Species

IMG

La + 1-pentyne
IM11
IM12
IM13
IM14
IM15
IM16
IM17
IM18
IM19
IM3
IM21
IM22
IM23
IM24
IM25
IM2
IM26 + H2
IM27 + H2
IM28 + H2
TS10
TS11
TS12
TS13
TS14
TS15
TS16
TS17
TS18
TS19
TS20

135i
580i
166i
841i
124i
635i
303i
793i
866i
1094i
1298i

E
-630.772528
-630.859448
-630.831979
-630.853203
-630.856668
-630.841353
-630.860693
-630.848708
-630.864442
-630.884340
-630.893916
-630.809611
-630.795522
-630.848202
-630.832607
-630.837246
-630.839145
-630.838017
-630.840254
-630.843894
-630.828690
-630.830202
-630.853117
-630.809023
-630.832262
-630.842595
-630.845838
-630.837699
-630.864929
-630.780276
-630.763087
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Erel
0.0
-54.5
-37.3
-50.6
-52.8
-43.2
-55.3
-47.8
-57.7
-70.2
-76.2
-23.3
-14.4
-47.5
-37.7
-40.6
-41.8
-41.1
-42.5
-44.8
-35.2
-36.2
-50.6
-22.9
-37.5
-44.0
-46.0
-40.9
-58.0
-4.9
5.9

Table 7.5 (continued):
Species

IMG

TS21
TS22
TS23
TS24
TS25 + H2
TS26 + H2
TS27 + H2
TS28 + H2
TS29 + H2
La(C5H6) (Iso A) + H2
La(C5H6) (Iso C) + H2
La(C5H6) (Iso D) + H2
La(C3H4) (Iso 1) + C2H4
La(C3H4) (Iso 2) + C2H4

57i
681i
34i
827i
665i
962i
108i
1226i
916i

E
-630.794781
-630.824480
-630.832567
-630.804235
-630.797653
-630.815898
-630.839829
-630.771374
-630.807005
-630.856716
-630.838284
-630.832305
-630.836417
-630.832464
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Erel
-14.0
-32.6
-37.7
-19.9
-15.8
-27.2
-42.2
0.7
-9.5
-52.8
-32.3
-28.1
-40.1
-37.6

(a)

La(C3H4)

La

(b)

La(C5H6)

LaO

Figure 7.1. TOF mass spectra of the La with 1,4-pentadiene (a) and 1-pentyne (b)
reactions recorded with 240 nm ionization.
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37945
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321

362

420
547

*3 #2
*1

#1

#3 (a)

*2

(b)

(c)

Figure 7.2. MATI spectra of La(C5H6) from La reactions with 1,4-pentadiene (a) and 1pentyne (b) and the simulation of the 1A ← 2A transition of La(CH2CHCHCHCH) (Iso A)
at 200 K (c). MATI bands marked with “*” and “#” are combination bands.
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1

5

4

3

2

1

(f) Iso D

1

1

(g) Iso 1

2

3

(h) Iso 2

Figure 7.3. Structures of 1,4-pentadiene (a) and 1-pentyne (b), four isomers of La(C5H6)
(c-f), and two isomers of La(C3H4) (g and h). Relative energies of these isomers are listed
in Table 7.1.
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275
362

39745

547
420
321

(a)
(b)
(c)
(d)
(e)

Figure 7.4. MATI spectrum of La(C5H6) from the La + 1,4-pentadiene reaction (a), and
the simulated spectra from the 1A ← 2A transitions of Iso A (b), Iso B (c), Iso C (d), and
Iso D (e) of the La(C5H6) complex at 200 K.
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40942
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414
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* (a)

*

(b)

(c)

(d)

Figure 7.5. MATI spectra of La(C3H4) from La reactions with 1,4-pentadiene (a) and 1pentyne (b) and simulations of the 1A ← 2A transition of La(CHCHCH2) (Iso 1) (c) and
the 1A′ ← 2A′ transition of La(CHCCH3) (Iso 2) (d) at 300 K. MATI bands marked with
“*” are from the ionization of LaO.
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Figure

7.6.

Reaction

(d)

pathway

and

energy

profile

for

the

formation

of

La(CH2CHCHCHCH) (Iso A) from the La + 1,4-pentadiene reaction calculated at the
DFT/B3LYP level, where IMn stands for intermediates and TSn transition states.
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La + 1,4-pentadiene

TS1
IM1

+

+

TS2

Iso A
TS5
TS7

IM2
TS4

TS8

IM6

TS6

IM8

TS9

Iso B

IM10

IM9

IM5
IM7
IM3
Figure 7.7. Reaction pathway and energy profile for the formation of La(CHCHCH2)
(Iso 1) and La(CHCCH3) (Iso 2) from the La + 1,4-pentadiene reaction calculated at the
DFT/B3LYP level, where IMn stands for intermediates and TSn transition states.
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La + 1,4-pentadiene
TS4a

TS3a

TS4b
TS3b

+

IM5a Products

IM4a

IM5b

IM4b

Products

Iso A

+

+

IM3

Figure 7.8. Three dehydrogenation pathways of the La + 1,4-pentadiene reaction
calculated at the DFT/B3LYP level, where IMn stands for intermediates and TSn
transition states. The reaction path from reactants to IM3 is the same as that in Figure 7.6
and is thus not included.
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La + 1-pentyne

TS13

TS10 TS11
IM12

IM11

TS12
IM13
IM14

TS14
IM15

TS15

TS17
TS16

IM17
IM16

IM18

TS18

IM19

IM3

Figure 7.9. Reaction pathway and energy profile for the formation of the HLa(CH2CHCHCHCH2) (IM3) from the La + 1-pentyne reaction calculated at the
DFT/B3LYP level, where IMn stands for intermediates and TSn transition states.
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TS20
La + 1-pentyne
TS19
TS21
IM22

TS24

IM21
TS22
TS23
IM24
IM25

IM2

IM23
IM11

Figure 7.10. Reaction pathway and energy profile for the formation of La(1,4-pentadiene)
(IM2) from the La + 1-pentyne reaction calculated at the DFT/B3LYP level, where IMn
stands for intermediates and TSn transition states.
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TS28
TS29
TS25
Iso C

TS26

Iso D
IM26

TS27
IM27

IM28

Iso A

Figure 7.11. Reaction pathway and energy profile for the formation of Iso A of La(C5H6)
from Iso C (blue trace) and Iso D (red trace) calculated at the DFT/B3LYP level, where
IMn stands for intermediates and TSn transition states.
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